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The interface phenomena occurring 
between host tissue and the surface 
of biomedical implant play an im-
portant role in implant survival. In 
addition to possessing appropriate 
mechanical properties, an ideal or-
thopedic implant material should in-
duce the desired cellular responses, 
leading to integration of the implant 
into the bone tissue. This disserta-
tion is focusing on the development 
of novel carbon-based coatings and 
their surface modifications, which 
are hypothesized to improve osteob-
lastic cells attachment and spreading 
as well as to inhibit biofilm forma-
tion. The effect of different implant 
surface properties, such as rough-
ness, wettability and zeta potential 
on biocompatibility is also discussed.
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ABSTRACT 
The occurrence of musculoskeletal disorders, such as 
osteoporosis (weakening of the bones) and osteoarthritis 
(inflammation in the bone joints), is recognized as one of the 
most common human health problems. During the history of 
biomaterial engineering, a wide range of musculoskeletal 
implants has been evaluated for the treatment or even the 
prevention of these diseases. Nonetheless, the major problems 
concerning the success and survival of these implants under 
physiological conditions is their low degree of osseointegration 
at the implant–tissue interface, which not only delays the bone 
reconstruction process but also prolongs the healing time. 
Despite of good osseointegration, there is a need to devise an 
implant which inhibits biofilm formation and infection. 
Modifying the physicochemical properties of the material 
surface, such as surface chemistry, wettability, micro- and nano-
texture and electric charge, may help to develop implants with 
the desired cellular responses.  
In this thesis, lithographic and injection molding methods 
were successfully used to produce micro- and nanotexture in 
order to study the adhesion and contact guidance of osteoblastic 
cells and the behaviour of bacteria. Moreover, physical vapour 
deposition methods were utilized to prepare novel carbon 
coatings with different chemical composition and wettability 
properties in order to improve osteoblastic cells attachment and 
spreading as well as to inhibit biofilm formation.  
As a result, micropatterning was able to regulate the contact 
guidance of osteoblastic cells and provided detailed knowledge 
about bacterial adhesion and colonization processes. In addition, 
the synergetic effect of surface micro- and nanotexturing with 
moderately wettable carbon-based coating enhanced osteoblast-
like cells adhesion. Surface free energy determinations proved 
that the Lewis acid-base component ( ABS ) of surface free energy 
is a critical factor in osteoblast-like cells adhesion. An ultra-short 
pulsed laser deposition was demonstrated to be an effective 
        
technique to produce novel carbon implant coatings with the 
desired physicochemical properties.  
To conclude, the novel carbon-based materials and their 
surface modifications tested in vitro were found to be potential 
candidates for bone implant applications due to their capability 
to enhance osteoblastic cells adhesion and to prevent bacterial 
adhesion and biofilm formation.  
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Abbreviations 
AB     Lewis acid base  
a-C:H    hydrogenated amorphous carbon  
AD     amorphous diamond  
AD-PDMS-h   amorphous diamond-   
   polydimethylsiloxane- hybrid 
AD-Ti-h   amorphous diamond-titanium- hybrid 
AFM     atomic force microscopy  
Ag     silver 
Al    aluminium  
Al2O3   alumina 
ALP   alkaline phosphatase 
Alb     albumin 
ANOVA  analysis of variance  
ATCC    American type culture collection  
C     carbon  
CFU   colony forming unit 
CLSM    confocal laser scanning microscopy  
CN    carbon nitride  
C3N4-Si    silicon-doped carbon nitride  
Co     cobalt  
Cr     chromium  
DC     direct current  
DLC    diamond-like carbon 
DLC-PDMS-h   diamond-like carbon-   
   polydimethylsiloxane –hybrid 
DLC-PTFE-h  diamond-like carbon-   
   polytetrafluoroethylene –hybrid 
DLVO    Derjaguin, Landau, Verwey, Overbeck 
   (the theory describes the force between 
   charged surfaces interacting through a 
   liquid medium) 
DNA     deoxyribonucleic acid 
EL     electrostatic double layer  
ECM     extracellular matrix  
F     fluorine  
        
   
 
FAR   Finnish Arthroplasty Register 
FCS   fetal calf serum 
Fe   iron 
Fn     fibronectin  
FPAD    filtered pulsed arc discharge  
HA     hydroxyapatite  
LW     Lifshitz-Van der Waals  
Mo     molybdenum  
MNST    micro- and nanostructured 
MSC    mesenchymal stem cell  
MST     microstructured  
MTT     cell proliferation assay based on (3-[4,5-
   dimethylthiazol-2-yl]-2,5-  
   diphenyltetrasodium bromide)-salt 
N     nitrogen  
NaCl     sodium chloride 
Nb     niobium  
Ni     nickel  
O     oxygen 
OW     Owens-Wendt  
PBS     phosphate buffered saline  
PDMS    polydimethylsiloxane  
PP    polypropylene 
Pt     platinum 
PTFE     polytetrafluoroethylene  
PVD     physical vapour deposition  
QS    quorum sensing  
RGD     arginine-glycine-aspartic acid  
RNA    ribonucleic acid  
S. aureus    Staphylococcus aureus  
S. epidermidis    Staphylococcus epidermidis  
SD   standard deviation of the mean 
SEM     scanning electron microscopy  
SFE   surface free energy 
Si     silicon  
SS     stainless steel  
Ta     tantalum  
  
 
ta-C     tetrahedral amorphous carbon  
Ti     titanium  
TiO2   titanium dioxide 
TSB     Tryptic Soy Broth  
UHMWPE    ultra-high-molecular-weight-polyethylene  
USPLD    ultra-short pulsed laser deposition 
UV     ultraviolet  
V     vanadium  
Vn     vitronectin  
VO     van Oss  
Zr     zirconium 
ZrO2   zirconia 
 
Symbols 
Ra   arithmetic mean deviation of surface 
(average roughness) 
S      total surface free energy  
D
S       dispersive component of total surface free 
   energy  
P
S      polar component of total surface free 
   energy 
LW
S    Lifshitz-van der Waals component of total 
   surface free energy  
AB
S    Lewis acid-base component of total  
   surface free energy  

S    electron-acceptor component 
 S    electron-donor component 
     zeta potential  
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1 Introduction and 
objectives 
An orthopedic implant is intended for use in the human body to 
repair a fractured bone or to replace a part or all of a damaged, 
defunct joint. Each orthopedic implant is designed to withstand 
the natural movement and stress associated with individual 
joint: hip, knee, elbow or shoulder. The primary needs for bone 
implants are diseases like osteoporosis and osteoarthritis as well 
as fall-related fractures. In Finland, according to Finnish 
Arthroplasty Register (FAR 2007), there was a total of 63 873 
primary total hip arthroplasty operations performed during the 
years 1998-2007. In the USA, the annual demand for primary 
total hip arthroplasties is projected to increase from the present  
209 000 units up to 572 000 units between 2005 and 2030 (Kurtz 
et al. 2007a). Many different material types, such as metals, 
ceramics and polymers used as implants are known to be 
biocompatible, i.e. they should not cause any undesirable local 
or systematic host responses. However, the number of total hip 
revision operations was 13 447 during the years 1998-2007 in 
Finland (FAR 2007). Moreover, the number of hip revisions is 
estimated to grow by about 137 % between the years 2005 and 
2030 (Kurtz et al. 2007a). There are major economical costs 
related to every revision and the pain to the individual patient 
should not be overlooked. These statistics and the fact that the 
average implant lasts only about a decade, reveal that perfect 
bone implant has not yet been developed. There are many 
different reasons for bone implant revisions like fractures, 
dislocations and changes in the biomechanics of the implant due 
to wear or corrosion of implant material (Geetha et al. 2009). 
However, a significant part of the revisions can be traced to 
poor biocompatibility in which the signs are osteolysis, necrosis 
and formation of a thick fibrotic capsule between the implant 
1 – Introduction and objectives 
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and bone (Burke & Goodman 2008) as well as infection (Revell 
2008). A comprehensive understanding of tissue–implant 
interactions is important if one wishes to avoid this poor 
biocompatibility. The details of the optimal implant surface 
properties: surface chemistry, -wettability, -charge and – 
topography (roughness, micro- and nanotexture) affecting the 
“race for the surface” (Gristina 1987) and antimicrobial action 
are still largely unknown.  
Main aim and the common thread running through in every 
sub-project of this thesis was to evaluate the interactions 
between the novel carbon coatings produced by ultra-short 
pulsed laser deposition (USPLD) or filtered pulsed arc discharge 
(FPAD) method and osteoblast-like cells or bacteria. The other 
aims were: 1) to investigate the effect of a textured surface with 
thin film coatings on the adhesion and the contact guidance of 
osteoblast-like cells and the behaviour of bacteria, 2) to study 
the possibilities to produce novel carbon-based hybrid materials 
with modified physicochemical properties (surface chemistry, 
surface wettability, surface topography and surface charge) and 
3) to understand the role of these surface parameters on the 
adhesion of osteoblast-like cells and biofilm formation. All these 
issues are important in the development of new generation 
implants allowing biocompatible and functional integration to 
bone tissue.  
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2 Composition and structure 
of bone  
Bones are relatively rigid, calcified, living organs that constitute 
most of the skeleton of higher vertebrates. Bones are intended 
by nature to fulfill a variety of mechanical, synthetic and 
metabolic tasks.  Bones are the main storage of minerals and 
growth factors. Bone marrow contains some fat and is an 
important hematopoietic tissue responsible for the production of 
red and white blood cells. Bone marrow is also rich in 
mesenchymal stem cells (MSCs).The main functions from a 
mechanical point of view are the protection of  internal organs 
like brain, heart and lungs, supporting the framework of the 
body and acting together with skeletal muscles, tendons, 
ligaments and joints to permit body movements possible. Bone 
can be divided into three sections: the cellular components, the 
inorganic bone matrix, which mainly consists of crystalline 
mineral salts and calcium and the organic bone matrix which is 
mainly composed of Type I collagen. (Steele & Bramblett 1988) 
There are three types of cells present in bone: osteoblasts, 
osteocytes and osteoclasts (Steele & Bramblett 1988). These cells 
participate in following functions: production of proteins found 
in bone; stimulation of the mineralization of the matrix; 
maintenance of bone tissue; resorption of bone i.e. the cells play 
a major role in mineral physiology (Ortner & Putschar 1981). 
Osteoblasts participate in bone formation. They produce a 
protein matrix, osteoid, which is primarily composed of Type I 
collagen. Osteoblasts also synthesize membrane-associated 
alkaline phosphatase (ALP) and produce hormones. Osteoblasts 
are considered as osteocytes, the bone-maintaining cells, as soon 
as they are surrounded by and incorporated into the protein 
matrix. Osteoclasts are giant cells responsible for remodeling of 
bone during growth and repair. They have also an active role in 
2 – Composition and structure of bone 
26 
 
the destructive processes of bone where bone is removed. In 
addition to these cells, inactive osteoblasts, bone-lining cells, 
cover the bone surface that is not undergoing bone formation or 
resorption. These cells also function as a barrier for particular 
ions. (Steele & Bramblett 1988, An & Martin 2003) 
Bone tissue can be morphologically divided into two types: 
compact and cancellous bone (Fig. 1b). Compact bone is much 
denser than cancellous bone and it has protective and 
mechanical functions. Compact bone is composed of cylindrical 
structures, osteons (Fig. 1c), that are typically several 
millimeters long and around 0.2 mm in diameter (Steele & 
Bramblett 1988). Each osteon consists of an anisotropic matrix 
composed of mineral crystals and collagen fibers, called 
lamellae. Lamellae contain uniformly spaced cavities, lacunae, 
which encompass osteocytes and surround a Haversian canal 
which contains the bone's nerves and blood supplies. Thin 
cylindrical spaces, called canaliculi, perforate the calcified bone 
matrix and facilitate the exchange of nutrients and metabolic 
waste. Osteons are connected to each other by channels called 
Volkmann's canals. Compared to hard compact bone, cancellous 
bone is softer and less stiff and is mainly responsible for the 
metabolic functions of bone tissue.  The primary anatomical and 
functional unit of cancellous bone is the trabeculae (Fig. 1b), the 
structure where the calcified tissue is arranged in the form of 
plates or struts. (An & Martin 2003) Trabeculae are typically 200 
µm thick (Martin et al. 1998), generating several interconnected 
cavities which are filled with bone marrow. Trabeculae consist 
of lamellae but very infrequently can contain osteons. For 
instance, long bones e.g. femur have a hard outer surface of 
compact bone filled with cancellous bone containing bone 
marrow. The epiphysis at either end of long bones is covered by 
hyaline cartilage forming an articular surface (Fig. 1a).  
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Figure 1: (a) Schematic representation of a hip joint. (b) The hard outer layer of bones 
is composed of compact bone. The porous interior of the bone is called cancellous bone. 
The primary unit of cancellous bone is the trabeculae, which consists of parallel layers 
of lamellae. Cancellous bone is also highly vascular and frequently contains red bone 
marrow. (b,c) Compact bone consists of osteons which are composed of lamellae 
surrounding the Haversian canal. The Haversian canal contains the bone's nerves and 
blood vessels. Osteocytes make contact with the cytoplasmic processes of their 
counterparts via the canaculi. Osteons are connected to each other by Volkmann's 
canals. Fig. 1b was modified from the original figure (Shier et al. 2009) with kind 
permission of The McGraw-Hill Companies. 
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The formation of bone in embryonic development and in 
adult bone renovation occurs by two processes: 
intramembraneous ossification and endochondral ossification. 
Intramembraneous ossification is the process used to make flat 
bones of the skull; the bone is formed when mesenchymal cells 
differentiate directly into osteoblasts. The replacement of 
cartilage by bone is called endochondral ossification and it 
occurs in long bones. (Steele & Bramblett 1988) 
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3 Bone implants  
Implants are medical devices which have been developed to 
replace and act as a missing biological structure. Implants need 
to be made from a biocompatible material because they are in 
contact with tissue. According to Williams: “Biocompatibility is 
the ability of a material to perform with an appropriate host 
response in a specific application” (Williams 1987). Today, 
medical biomaterials/implants have a huge number of different 
applications and uses in different parts of the human body 
including orthopedic applications: joint replacements (hip, knee), 
bone cements, defect fillers and plates for fracture fixation and 
artificial tendons and ligaments; cardiovascular applications: 
heart valves, catheters, vascular grafts and blood substitutes; 
ophthalmic applications: intraocular- and contact lenses and 
cochlear replacements. There are also other applications 
including dental implants, artificial hearts, skin repair templates, 
tissue screws and tacks and drug-delivery systems. (Ratner et al. 
1996) However, the number of implants used for hip, spinal and 
knee replacements is extremely high. The main reason behind 
the increasing need for bone implants in the western population 
is the increased number of elderly people. Typically reduced 
bone density and bone loss are linked with weaker motoric 
skills in the old which act together to predispose these people to 
fall-related fractures. The other reason for joint replacements is 
associated with diseases such as osteoporosis, osteoarthritis and 
trauma.  
According to the National Agency for Medicines, the number 
of annual primary total hip arthoplasty operations in Finland 
has increased from 4835 to 7698 in the years between 1998 and 
2007 (Fig. 2a) (FAR 2007). In addition, in the USA, Norway and 
Sweden the increases in hip arthoplasty operations were at least 
about 20 % during the years 1997-2004 (Kurtz et al. 2007b). It is 
also projected that in the USA, the number of total hip 
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replacements will rise by 174 % to 572 000 procedures during 
the years 2005-2030 (Kurtz et al. 2007a).  
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Figure 2: Number of primary total hip arthroplasty operations (a) and total hip 
revision operations (b) in Finland during the years 1998 – 2007. Modified from FAR 
(2007). 
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Although implants (such as hip replacements) have been in 
use for about 50 years, their durability does not meet the 
requirements of higher life expectancy. The average implant 
lasts only about a decade which is not long enough because the 
estimated life expectancy has increased due to advances in 
medical technology. In Finland, the rate of total hip revision 
operations was in the range of 1210-1538 per year during the 
years 1998-2007 (Fig. 2b) (FAR 2007). From data collected on 
total joint replacements one can estimate that the total hip 
revision surgery can be expected to increase by 137 % between 
the years 2005-2030 (Kurtz et al. 2007a). Every individual 
revision surgery is associated with pain for the patient and is 
very expensive. In addition, the success rate is rather small. All 
these facts stress that there is a crying need for long lasting 
implants made of appropriate materials with excellent 
biocompatibility. 
3.1 BIOMATERIALS USED 
Typically biomaterials are classified as follows: 1) metals, 2) 
polymers, 3) ceramics, 4) composites and 5) biological materials 
(Ratner et al. 1996).  They can also be classified according to 
their interactions with their surrounding tissue: 1) biotolerant 
materials, 2) bioactive materials and 3) bioreabsorbable 
materials (Geetha et al. 2009). In biotolerant materials with 
almost inert, smooth or porous surfaces, the tissue response is a 
foreign body reaction, where a fibrous scar-like tissue forms 
around the implant, isolating the implant from the tissue. On 
the other hand, bioactive materials with chemically reactive 
surfaces are able to form bony tissue around the implant 
material and integrate strongly with the implant surface. 
Bioreabsorbable materials can be degraded and replaced by 
regenerating tissues either fully or partially (Geetha et al. 2009, 
Konttinen et al. 2008). 
The typical metallic biomaterials used for orthopedic 
applications include stainless steel (SS), cobalt (Co) based alloys, 
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titanium (Ti) and its alloys and tantalum (Ta) (Konttinen et al. 
2008). In implant applications generally used alloying elements 
are aluminium (Al), niobium (Nb), vanadium (V), molybdenum 
(Mo), zirconium (Zr), nickel (Ni) and chromium (Cr). Metallic 
materials have many desirable properties like high strength and 
fracture toughness, hardness and biocompatibility which make 
them a practical choice for bone implant applications. Still the 
disadvantages, such as their high elastic modulus compared to 
bone and the release of ions are notable concerns. Stainless steel 
alloys with favourable combination of mechanical properties, 
corrosion resistance, non-magnetic response, ease of 
manufacturing as well as low production costs have the longest 
history among the metallic biomaterials (Disegi & Eschbach 
2000, Alvarez et al. 2009). Components such as Ni, Co and Cr 
improve the mechanical properties of SS by alteration of its 
microstructure (Katti et al. 2008a). Still, these components are 
the most common metal sensitizers in the human body (Hallab 
et al. 2001a, Basketter et al. 1993), and are known to be released 
from SS in the body environment (Okazaki et al. 2005). When 
these metal ions are released from the implant, they behave like 
haptens and may trigger a type-IV hypersensitivity reaction 
(Hallab et al. 2001a) which can be a significant factor in a 
process promoting the loosening of the prosthetic device 
(Granchi et al. 2006, 2008). At present, new Ni-free SS have been 
developed, primarily to address the issue of Ni sensitivity and 
to improve the corrosion resistance and mechanical stability 
(Disegi & Eschbach 2000, Alvarez et al. 2009, Sumita et al. 2004). 
NiTi is a superelastic shape memory alloy with good corrosion 
resistance and therefore has attained numerous biomedical 
applications e.g. orthodontics, cardiovascular and orthopedics. 
However, NiTi materials are still controversial biomaterials 
because of the risks of allergy and toxic effects that can be 
triggered by Ni release. Different surface treatments like 
oxidation have been thought to offer a protecting film against 
the adverse reactions of Ni (Michiardi et al. 2007, Muhonen et al. 
2007). For implant applications (i.e. dental implants, joint 
replacements and bone fixation), commercially pure Ti and 
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TiAl6V4 are the most commonly used. Their lower elastic 
modulus (100-112 GPa) compared to SS (210 GPa) and Co-Cr 
alloys (240 GPa) (Geetha et al. 2009) in addition to their 
beneficial osteoconductive properties makes them a better 
choice for bone applications and uncemented joint replacements. 
Titanium and Ti alloys have also good biocompatibility, low 
toxicity, low corrosion rates and beneficial mechanical 
properties which are partly due to the spontaneously formed 
covering oxide layer (Long & Rack 1998). However, the release 
of Al ions from Ti alloys might cause long-term health problems, 
such as Alzheimer’s disease (Landsberg et al. 1992, Frisardi et al. 
2010). In addition, the difference compared to bone elastic 
modulus (10-40 GPa) may lead to stress shielding. Ti alloys are 
also relatively softer than SS and Co based alloys (Katti et al. 
2008a). Therefore, they can not be used on articulating surfaces 
without a coating. Recently new Ti alloys containing Nb, Zr and 
Ni have been developed to solve the existing problems 
(Konttinen et al. 2008). Cobalt-based alloys may be ordinarily 
described as non- magnetic, wear-, corrosion- and heat-resistant 
(Marti 2000). Typically 20-30 % Cr is added to the alloy to 
improve the corrosion resistance. Molybdenum may be used to 
enhance strength properties (Marti 2000, Konttinen et al. 2008). 
Other elements used in cobalt alloys are nickel, silicon, iron, 
manganese and wolfram (Konttinen et al. 2008). Co alloys have 
also good rigidity, abrasion and fretting properties for example 
compared to Ti alloys (Breme & Biehl 1998). Today, the use of 
Co alloys for surgical applications is largely related to 
orthopedic prostheses for the knee, shoulder and hip (Fig. 3) 
such as to fracture fixation devices (Marti 2000). The weaknesses 
behind these alloys are the same as encountered with SS; high 
elastic modulus compared to bone and release of ions which 
may cause many adverse effects, such as chronic inflammation, 
carcinogenesis, mutagenesis and cellular death (Uo et al. 2001, 
Au et al. 2006). Tantalum and its principle oxide are known to 
be biocompatible materials with low solubility and toxicity 
(Black 1994). It is mainly used in the porous form because bone 
and soft tissues can rapidly infiltrate into porous Ta, enhancing 
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mechanical stability (Hacking et al. 2000, Bobyn et al. 1999, 
Welldon et al. 2007). These properties have increased the 
interest in the use of Ta at the bone-implant interface of 
cementless implants (Konttinen et al. 2008). 
 
 
 
Figure 3: A CoCrMo surface replacement hip prosthesis photographed by R. 
Lappalainen. 
 
In orthopedic implant applications, ceramic materials possess 
many useful properties like high stiffness, inert behaviour under 
physiological conditions and excellent wear resistance (Katti et 
al. 2008a). Therefore, ceramic-on-ceramic, mainly alumina 
(Al2O3)-on-alumina, bearing surfaces have been commonly used 
in total hip arthroplasty (Mehmood et al. 2008, Keurentjes et al. 
2008).  However, their brittleness and low tensile strength may 
cause the fractures of femoral head component and breakage of 
ceramic cup (Kluess et al. 2008). In addition, insufficient 
osseointegration may be a problem (Ignatius et al. 2005), though 
this might be inhibited by nanostructuring (Mendonca et al. 
2009a). Zirconia (ZrO2) ceramics are well known as having 
better fracture toughness and flexural strength compared to 
Al2O3 ceramics (Tanaka et al. 2003). Zirconia ceramics have been 
demonstrated to possess potential as dental implants (Wenz et 
al. 2008) and hip replacement applications (Lewis et al. 2008, 
Cohn et al. 2008, Kohal et al. 2009). Because of its tetragonal 
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phase, pure zirconia exists in an unstable state, and thus it is 
typically stabilized with yttrium. However, yttrium-stabilized 
tetragonal zirconia polycrystals undergoes low-temperature 
aging degradation caused by phase transformation. Lately, 
ZrO2/Al2O3 composites have been examined to avoid of the 
disadvantages of ageing of ZrO2, for instance in the bearing 
surfaces of total joint replacements (Tanaka et al. 2003).  
Ultra-high-molecular-weight-polyethylene (UHMWPE) is 
one of the most preferred polymers as an orthopedic implant 
material because of its ability to combine superior wear 
resistance along with high fracture toughness and 
biocompatibility compared to other polymers (Brach del Prever 
et al. 2009). Bone resorption surrounding the implant, osteolysis, 
caused by the wear debris of UHMWPE is however a major 
concern. Highly cross-linked polyethylene compared to 
conventional UHMWPE has been demonstrated to significantly 
decrease wear in hip simulators and early prospective 
randomized clinical studies (Ries 2005, Santavirta et al. 2003, 
Atienza & Maloney 2008). However, one disadvantage is that 
cross-linking reduces the mechanical properties of UHMWPE 
(Ries 2005, Brach del Prever et al. 2009). Recent studies have 
demonstrated that a modified manufacturing processes like 
sterilization with gas plasma or ethylene oxide or the use of the 
antioxidant vitamin E (alpha-tocopherol) might be able to 
enhance the properties of UHMWPE in joint replacement 
applications (Brach del Prever et al. 2009). In addition, 
polyurethanes with a lower coefficient of friction than 
UHMWPE bearings have been evaluated as joint replacement 
materials (Quigley et al. 2002, Scholes et al. 2006).  
Composite materials have been used in medical device 
fabrication, because seldom only one material can possess all the 
physical requirements for successful implantation and function. 
For instance, ceramic-polymer composites have shown to have 
potential properties when used as total hip replacement 
materials (Katti et al. 2008a). In particular, hydroxyapatite (HA) 
and carbon (C) fiber based composites have attracted significant 
research interest (Bougherara et al. 2010, Katti et al. 2008a). 
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Materials of biological origin can be categorized into tissue 
transplants, blood products, processed human or animal 
originating products, such as demineralized bone matrix and 
hybrid products. In the case of bone implants, it is logical to 
handle natural materials – a new class of materials with an 
identical structure or composition to bone or which are 
synthesized by using the basic principles of biomineralization 
(Katti et al. 2008a). The key step in this synthesis method is the 
growth of minerals on an organic matrix in aqueous media. The 
use of biomimetic methods has already been successfully 
demonstrated, for instance the production of an HA coating on 
materials such as Ti (Majewski & Allidi 2006) and glass 
(Giavaresi et al. 2004) for use with orthopaedic implants and 
with chitosan-based composites for potential use in load-bearing 
applications (Katti et al. 2008b, Zhang et al. 2008a). 
Biodegradable chitosan is a biocompatible polysaccharide and 
exhibits an excellent film-forming and antigenic properties and 
it is also known to improve initial cell attachment (Carlson et al. 
2008, Chua et al. 2008).  In addition, collagen and calcium 
phosphate have been tested for these composites (Katti et al. 
2008a).  
3.2 FAILURE MECHANISMS OF IMPLANTS  
There are a number of causes for implant failure (Fig. 4) which 
may be traced to the mechanical properties of implant: 
wear/corrosion, low fracture toughness/low fatigue strength and 
mismatch in elastic modulus compared to bone (Geetha et al. 
2009) or biological causes, where the main reason is infection 
(Revell 2008). Some other reasons for failures are dislocation and 
failure due to poor surgical technique.  
When implant materials are in contact with each other during 
relative motion, small particles become detached from the 
implant as a result of abrasion, adhesion or fatigue. For instance, 
in joint replacements this material wear may change the 
biomechanics, function and range of motion of the joint as well 
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as enter into dislocation and alter the physicochemical 
properties of the bearings, surface coatings and other treatments. 
The basis of periprosthetic tissue destruction, the so-called 
biologic response to implant debris, is challenging, since this 
may lead to chronic synovitis, foreign body and chronic 
inflammatory reaction, pathologic fracture and most concerning 
of all, periprosthetic osteolysis (Burke & Goodman 2008), which 
is a devastating long-term complication in total joint 
arthroplasty (Archibeck et al. 2001, Arora et al. 2001, Abu-Amer 
et al. 2007).  Although cement particles were once simply 
blamed for osteolysis, it has become clear that any type of 
particle debris can result in bone resorption. However, it is still 
unclear how the cellular response to particles varies with size, 
shape, composition, charge, and the number of particles 
(Gonzălez et al. 1996, Sabokbar et al. 2003).The pathogenesis of 
implant-associated osteolysis involves inflammatory and 
osteolytic processes (Abu-Amer et al. 2007). Wear particles 
increase secretion by macrophages of different proinflammatory 
cytokines. These cytokines synergistically stimulate 
differentiation of osteoclast precursors into mature, 
multinucleated osteoclasts that are capable of efficiently 
resorbing bone. In addition to these cells, the osteolytic response 
includes other cell types e.g. phagocytes, giant cells, fibroblasts, 
neutrophils and lymphocytes. (Abu-Amer et al. 2007, Greenfield 
et al. 2005) 
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Figure 4: Some causes for failure of bone implants. Modified from Geetha et al. (2009). 
 
Today, implant fracture is rarely a problem with the advent of 
the use of advanced materials and better prosthetic designs. 
Still, prosthetic fractures occur, for instance in ceramic total hip 
components due to their brittleness and low tensile strength. 
Instead, bone fractures around total joint replacements are 
increasing as reflected in the numbers of revision surgery. In 
addition, osteoporosis and osteomalacia expose the individual 
to this kind of fracture. (Burke & Goodman 2008) Wolff’s law 
(Wolff 1892) describes the bone–stress relationship. According 
to this law, bone develops or adapts its structure so that it is best 
suited to resist the forces acting upon it (Wolff 1892). The 
refinement of Wolff's law, Frost’s Mechanostat theory (Frost 
1986) explains more extensively how the bone growth and bone 
loss can be stimulated in response to physical stresses, and on 
the other hand, to their lack. Mechanical loading is a particularly 
potent stimulus for bone cells, which improves bone strength 
and inhibits bone loss with age. However, also other stimuli e.g. 
hormones and cytokines affect the bone remodeling (Robling et 
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al. 2006). The distribution of mechanical stresses change when 
an implant is inserted into the bone. The implant supports the 
bone and enhances the bone resorption by shielding the bone 
from stress. Thus process, called stress shielding, can be seen for 
example around acetabular, femoral and total knee implants.  
For example, cemented or rigidly fixed femoral components 
constructed of stiff material release stress on the proximal femur 
and may enhance the resorption of proximal femoral bone. 
(Burke & Goodman 2008) By using implant materials with an 
elastic modulus near to bone, the problems associated with 
stress shielding maybe decreased. In joint arthroplasty 
operations, new surface replacement implants can be used to 
avoid this problem. 
The success of implantation relies on the initial fixation and 
the retention of sufficient fixation over time. Primary stability is 
recognised as an important element in the aseptic loosening 
failure process of cementless implants. The inability of an 
implant surface to integrate with the adjacent bone due to 
micromotions can lead to fibrous encapsulation between the 
implant and bone with the resulting increased risk of implant 
loosening. (Viceconti 2000) 
Infection related to implants is a very serious and clinically 
challenging problem and also responsible for major economical 
costs. According to the Finnish National Agency for Medicines, 
the rate of infection has been in a range of 10-30 % of all primary 
complications of primary total hip arthroplasty operations in 
1998 – 2007 (FAR 2007). It has also been speculated that the 
revisions of total hip and total knee arthroplasties needing to be 
conducted because of deep infection may increase from 8.4% in 
2005 to 47.5% in 2030 and from 16.8% to 65.5%, respectively 
(Kurtz et al. 2007b). Clinical implants may become infected and 
contaminated with microorganisms prior to placement of the 
implant, or may become colonized either from the spread of 
bacteria from a contiguous site, or from a distant site through 
the bloodstream or through a natural barrier to infection that 
has been disrupted by the implant (Millar 2000). Infections may 
be acute, usually occurring within a month of operation, or 
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chronic, becoming evident only after many months. If the 
typical signs of infection (pain, fever, chills or a draining sinus 
onto the skin) are present, the recognition is quite 
straightforward. However, if the symptoms are non-specific, the 
diagnoses are very challenging. Different blood tests, imaging 
with radio-isotopes, examination of joint fluid and the 
histological as well as microbiological examinations of tissue 
samples may reveal the presence of infection. (Revell 2008) The 
bacteria associated with implant infections include Gram 
positive staphylococci, enterococci, corynebacteria and Gram 
negative bacteria such as Pseudomonas, Acinetobacter and Candida 
species (Millar 2000). In prosthetic infections, Staphylococcus 
aureus (S. aureus), Staphylococcus epidermidis (S. epidermidis) and 
Pseudomonas species are the most common bacteria types (Revell 
2008).  The ability of these bacteria to cause serious implant 
infection is due to their capability to form biofilms. Infecting 
bacteria grow predominantly within a confluent biofilm on the 
surface of the prosthesis. This protects bacteria against 
parenteral antibiotic therapy as well as the host response 
treatment and it often necessitates removal of the implant (Neut 
et al. 2007, Darouiche 2001). It has been also speculated that 
bacterial endotoxin may inhibit initial osseointegration of the 
implants and have a significant role in the induction of aseptic 
loosening. The classical endotoxin is lipopolysaccharide 
produced by Gram-negative bacteria. However, both Gram-
negative and Gram-positive bacteria also produce other 
molecules, such as peptidoglycan, lipoteichoic acid and teichoic 
acid that exert endotoxin-like biological activities. (Greenfield et 
al. 2005) 
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4 Host tissue–bone implant 
interaction  
The interaction between the material and the living system, also 
called biological performance, involves two components, the 
local and systemic response of host tissue to the material and the 
response of the material to host tissue (Black 1999). The material 
variables influencing the host response and the characterization 
of the generic host response to biomaterials are described in 
Table 1.  
 
Table 1: Material variables that influence the host response and the characterization of 
the generic host response to biomaterials. Material variables and host responses studied 
in this thesis are in bold font. Modified from Williams (2008). 
 
Material variable Host response 
Surface topography (roughness 
and texture) 
Surface energy 
Surface charge 
Surface chemical composition, 
chemical gradients, surface 
molecular mobility 
Elastic constants (Young`s modulus, 
Poisson`s ratio) 
Hydrophobic-hydrophilic 
properties 
Crystallinity and crystallography 
Porosity 
Corrosion (metal ion toxicity) 
Degradation/Dissolution (product 
toxicity) 
Wear debris 
Additives, catalysts, contaminants 
and leachables and their toxicity 
Tissue specific cell responses 
Bacteria behaviour and biofilm 
formation 
Protein adsorption and desorption 
Cytotoxic effects 
Neutrophil activation 
Macrophage activation, foreign body 
giant cell production, granulation 
tissue formation 
Fibroblast behaviour 
Microvascular changes 
Platelet adhesion, activation and 
aggregation 
Complement activation 
Antibody production, immune cell 
responses 
Acute or delayed hypersensitivity 
Genotoxicity and reproductive toxicity 
Tumour formation 
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When an implant is placed in bone, the host response 
involves a series of complex protein and cell reactions, ideally 
leading to the intimate integration of adjacent bone with the 
biomaterial (Fig. 5). In osseointegration phenomena, gaps 
between bone and implant must be filled as well as repairing the 
bone damaged during preparation of the implant site (Puleo & 
Nanci 1999). One example of an immediate material response is 
the oxidation of the metallic implant in the physiological 
environment, and after that, the possible release of metal ions, i.e. 
corrosion (Puleo & Nanci 1999). 
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Figure 5: A time scale picture of host tissue-bone implant interaction. Modified from 
Roach et al. (2007). 
 
Within nanoseconds, implanted materials placed in a 
biological milieu are coated with water molecules which create a 
water shell around the material (Roach et al. 2007). After that, in 
a period of seconds to hours after implantation, the material 
becomes covered in an adsorbed layer of proteins. These 
proteins originate from blood, tissue fluids and the extracellular 
matrix (ECM). Some of these proteins undergo rearrangement 
and desorption before cells reach the implant surface through 
the protein covered layer. Cell attachment, spreading, 
differentiation and mineralization takes from minutes up to 
several days after implantation and is influenced by biological 
molecules like ECM, cell membrane and cytoskeleton proteins. 
(Puleo & Nanci 1999, Roach et al. 2007) In bone implants, the 
final stage can last from a few months (e.g. various fracture 
fixation devices, such as plates and screws) up to several 
decades (total hip replacement). During this stage, also adverse 
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responses (e.g. clots, fibrous capsule formation and infection) 
and implant failure may occur.  
4.1 PROTEIN ADSORPTION   
In a physiological environment, cell adhesion always follows 
protein adsorption, and thereby the composition of the 
adsorbed layer of specific proteins is a key mediator of cell 
behaviour. For this reason, proteins favourable to specific cells 
can stimulate a constructive cell response, favouring wound 
repair and tissue integration, whereas proteins which are 
detrimental to cells may indicate an impossible healing and a 
foreign material to be removed or isolated. (Wilson et al. 2005) 
For example, the adhesion of bone cells is mediated by proteins 
of bone ECM synthesized by bone cells (Anselme 2000). In 
addition, osseointegration requires that the proteins 
encountered by the cells must support or actively promote bone 
cell functions at later stages.  
As stated before, the implant is first covered by water 
molecules when it comes into contact with living tissue. The 
extent and pattern of interaction of the water molecules with the 
surface of the implant depends on the surface properties of the 
material, such as its surface hydrophilicity or hydrophobicity 
(Kasemo 1998). These properties have also an influence on 
which proteins will adhere following the formation of the 
hydration shell. 
Adsorption of blood proteins occurs rapidly after the initial 
hydration layer surrounds the material. Since many hundreds of 
different proteins are present, there is a competition for the 
surfaces which takes place between proteins. Typically the more 
abundant small proteins win this competition because of their 
rapid transport to the surface. Subsequently, larger proteins 
from ECM of bone have higher affinities towards the surface 
and these replace the small proteins. (Roach et al. 2007) ECM of 
bone is composed of 90% collagenic proteins such as type I 
collagen and type V collagen and 10% non-collagenic proteins 
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like osteocalcin, osteonectin, bone sialoproteins, proteoglycans, 
osteopontin and fibronectin. (Anselme 2000) This phenomenon 
where the faster diffusing molecules are displaced by proteins 
with higher affinity towards the surface is generally termed the 
Vroman effect (Vroman & Adams 1969). After all of these 
complex processes of protein adsorption, desorption and 
rearrangement, this residual protein layer reaches equilibrium at 
the surface.  
One of the most important properties of the surface 
influencing the protein adsorption is its wettability (Wilson et al. 
2005). Proteins will be adsorbed to a greater amount to the 
hydrophobic surfaces than hydrophilic ones as has been 
reported in many studies (Kennedy et al. 2006, Sethuraman et al. 
2004, Arima & Iwata 2007, Gessner et al. 2000, Wilson et al. 2005, 
Choi et al. 2008).  However, this is not a universal result, 
because some studies have demonstrated that increased 
wettability causes increased amounts of fibronectin (Fn) (Hao & 
Lawrence 2007, Michiardi et al. 2007, Wei et al. 2009) and 
albumin (Alb) (Michiardi et al. 2007) adsorbed. Electrostatic 
effects may also be a driving force in protein adsorption. 
However, typically these effects are much weaker than 
hydrophobic effects because of the complexity attributable to 
the aqueous media where surface charges are shielded by 
hydrating water modified by pH and small ions (Wilson et al. 
2005, Roach et al. 2007). Nonetheless it has been reported that 
charged proteins are rather adsorbed to oppositely charged 
surfaces or at least to surfaces where the charge repulsion with 
the protein is at its smallest (Xie et al. 2010, El-Ghannam et al. 
2001, Cai et al. 2006). Surfaces that hinder protein adsorption 
because of their hydrophilic nature or because of their opposite 
charge cause the protein to be adsorbed with the help of a 
conformational change. Structural changes within the protein 
molecules may also increase the entropy of the system despite 
the dehydration and permit increasing contact between the 
protein and surface. These rearrangements are also related to 
the reversibility of adsorption and protein elutability. (Wilson et 
al. 2005) 
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4.2 BONE CELL ADHESION    
Cell adhesion to the surface of the implant is one of the most 
critical factors when determining its biocompatibility. Surface 
properties of biomaterials like topography, chemistry, 
wettability and surface charge play a crucial role in osteoblast 
adhesion to the implant surface and are thus some of the main 
interests of this study. The previous studies of these interactions 
will be summarized later in this chapter. However, when 
optimizing the bone/biomaterial interface, it is essential to 
understand the role of biological molecules involved in bone cell 
adhesion since the surface of an implant is always covered by 
these molecules with which the bone cells interact. For a bone 
implant, complete fusion between the implant surface and the 
adjacent bone with no fibrous tissue is essential for good 
osseointegration (Anselme 2000).  
When cells are faced with a surface, they firstly attach, adhere 
and spread. These events are mediated by the proteins adsorbed 
to the surface. Thereafter, the quality of this adhesion will 
influence the cell’s morphology and the capacity to proliferate 
and differentiate. As described in the previous section, the 
proteins affecting the bone cell adhesion at the biomaterial 
interface originate from ECM. Added to this, human osteoblasts 
have been shown to adhere preferentially to fibronectin when 
compared with type I, type IV and type V collagen as well as 
vitronectin and laminin (Gronthos et al. 1997). The primary 
interaction between cells and ECM proteins occurs via integrins. 
The importance of these integrins has been demonstrated in a 
study where the cell adhesion decreased when antibodies were 
used to prevent these interactions (Degasne et al. 1999). 
Integrins belong to the family of adhesion molecules, which can 
be characterized by their capacity to interact with a specific 
ligand. These ligands may be located on the membrane of 
neighbouring cells or these may also be ECM proteins. Integrins 
are a large family of heterodimeric structures that consist of two 
types of sub-units, α and β. Each sub-unit is composed of a large 
extracellular domain, a transmembrane domain and a short 
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cytoplasmic domain. (Hynes 1992, Anselme 2000) For most cell 
types, including osteoblasts, adhesion to ECM is essential to 
build a multicellular organism and survive. Not only integrins, 
but also many cytoplasmic proteins on the internal face like talin, 
vinculin, paxillin and tensin participate in cell attachment, by 
forming focal adhesions (Fig. 6). In fact, these focal adhesions 
are large protein complexes containing a vast array of different 
proteins. (Zamir & Geiger 2001) Focal adhesions play a central 
role in cell migration since they connect the cytoskeleton of a cell 
to the ECM. Furthermore the architecture of the actin 
cytoskeleton is an integral part of the perpetuation of cell shape 
and cell adhesion since cells sense their surroundings by using 
finger-like protrusions known as filopodia or sheet-like 
protrusions known as lamellipodia (Roach et al. 2007, Anselme 
2000). Another main function of integrins in addition to helping 
cell attachment to ECM is to promote signal transduction from 
the ECM to the cell. This “inside-out mode” consequently 
regulates cell growth, division and differentiation. Different cell 
types have their own blends of integrins; e.g. osteoblast and 
osteoclast have been demonstrated to possess different integrin 
subunits (Clover et al. 1992, Hughes et al. 1993). All human bone 
cell types have been shown to express β1 and α5 sub-units with 
uniformly expression of αv which was heterogeneously 
expressed by osteocytes. Osteoclasts expressed α2, αv and αvβ3 
sub-units. (Hughes et al. 1993) 
All this information which is available about the mechanisms 
by which cells adhere to substrates has created increasing 
interest towards biochemical surface modification. This 
technique includes the immobilizing of proteins, enzymes or 
peptides on biomaterial surface with a view to induce specific 
cell and tissue responses. (Puleo & Nanci 1999) However, the 
use of proteins like fibronectin, collagen, or laminin may cause 
some problems when used in medical applications. They may 
evoke undesirable immune responses and increase infection 
risks and even accelerate protein degradation, since they are 
isolated from other organisms (Hersel et al. 2003). Another way 
for orthopedic materials to function is to immobilize cell 
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adhesion molecules like arginine-glycine-aspartic acid (RGD) 
adhesive sequence (Fig. 6) which is known to mediate cell 
attachment, for instance fibronectin, vitronectin, type I collagen, 
osteopontin and bone sialoprotein (Lebaron & Athanasiou 2000, 
Hersel et al. 2003). In addition, immobilized αvβ3 -integrin-
specific FN fragment FNIII7-10 (Petrie et al. 2008) and glycine–
phenylalanine–hydroxyproline–glycine–glutamate–arginine 
(GFOGER) collagen-mimetic peptide (Reyes 2007) has been 
demonstrated to enhance osteoblastic responses.   
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Figure 6: Representation of the cell proteins involved in osteoblast adhesion on 
biomaterial. Modified from Anselme (2000). 
4.2.1 In vitro models  
When one is developing a new implant material with an optimal 
interface between bone and implant surface, it must undergo 
rigorous testing both in vitro and in vivo. In vitro testing is 
popular for the characterization of bone-contacting materials, so 
that the need for animal models can be reduced.  It is typical to 
use in vitro models as a first stage test for acute toxicity and 
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cytocompatibility to avoid the unnecessary use of animals in the 
testing of cytologically unknown materials. (Pearce et al. 2007) It 
is conventional to use the term biocompatibility when testing 
materials in vitro even though the correct term should be 
cytocompatibility. Biocompatibility is a better term when testing 
materials in vivo with animals or humans. (Richards et al. 2001) 
In vitro tests are very feasible in studies where the adhesion, 
proliferation, differentiation, contact guidance and 
mineralization of cells at the surface of the implant material are 
being evaluated. This is a more readily standardized and 
quantifiable method compared to in vivo tests. It is also cheaper 
and faster way to clarify how the different surface properties 
like wettability, charge and topography individually affect 
cellular functions. Of course one need to keep in mind that in 
vitro tests may also overrate the level of material toxicity and are 
limited to rather acute studies because of the limited lifespan of 
cultured cells. (Pearce et al. 2007, Pizzoferrato et al. 1994) Since 
the cells originate from the different microenvironments, such as 
bone marrow or calvaria, one cannot be sure that all osteoblastic 
cells will behave in the same way at the substrate (Puleo & 
Nanci 1999). E.g. MG-63 cells (human osteosarcoma cell line) 
have been shown to display similar responses to surface free 
energy (SFE) of treated quartz surfaces than hFOB (human fetal 
osteoblast progenitor) cells, whereas MC3T3-E1 (murine 
osteoblastic cell line) and Saos-2 cells (human osteocarcoma cell 
line) responded to SFE to a lesser degree than hFOB cells (Lim et 
al. 2008).  
However, well-characterized osteoblasts or osteoblast-like 
cells do represents a successful in vitro model for the study of 
bone-biomaterial interactions. Most of the cell culture work has 
been conducted with osteoblastic cells (Cooper et al. 1998) and 
primary and passaged cells from several species and anatomical 
locations have been used, as well as several osteosarcoma, clonal, 
and immortalized cell lines (Puleo & Nanci 1999). For instance, 
the Saos-2 cells are derived from a primary osteosarcoma in a 
11-year-old Caucasian girl by Fogh et al. in 1973 (Fogh et al. 
1977). This non-transformed cell line is quite well characterized 
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and known to possess several osteoblastic features (Rodan et al. 
1987, Dass et al. 2007). Thus it is widely used in studies on bone 
cell adhesion, proliferation, differentiation and metabolism (Lim 
et al. 2008, Okumura et al. 2001, Osathanon et al. 2006, Ku et al. 
2002). Overall, the interactions of osteoblasts or osteoblastic cells 
with potential orthopedic implant material can be measured in 
terms of viability, attachment, proliferation, differentiation and 
synthesis of matrix. This offers unique insights into the process 
and phenomenon of osseointegration (Cooper et al. 1998, Davies 
1996) which can be tested later in vivo when also the mechanical 
loading of the bone implant in the natural environment is being 
conducted.  
4.3 BACTERIAL ADHESION ON IMPLANT SURFACES     
Infection related to implanted medical devices is a very 
challenging and partly unclear process since it includes complex 
mechanisms of bacterial adhesion and biofilm formation. The 
risk of clinical implant affiliated infections is dependent on 
many factors related to the patient (e.g. age, general health and  
immune status), implant (design and material composition), 
insertion site, procedure, operating environment and the 
management of implant after insertion (McCann et al. 2008, 
Millar et al. 2005). The dangers related to the adherence of 
pathogenic bacteria are their capability to establish multilayered, 
highly structured biofilms on implant surfaces. Colonized 
biofilms are extremely difficult to eradicate since antimicrobial 
treatment has little or no effect against biofilm populations even 
though the same drugs may be effective against their planktonic 
(free-floating) counterparts (Gilbert et al. 1997). Surgical 
removal and replacement of the implant is often necessary after 
biofilm formation (McCann et al. 2008, Neut et al. 2007, 
Darouiche 2001) and in cases where the implant or device 
cannot be removed, patients need to take intermittent antibiotic 
therapy for the remainder of their lives (Costerton et al. 2003). In 
addition to arthroprostheses the typical implants that can be 
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compromised by biofilm related infections are: dental implants, 
central venous catheters, heart valves, ventricular assist devices, 
coronary stents, neurosurgical ventricular shunts, implantable 
neurological stimulators, fracture-fixation devices, inflatable 
penile implants, breast implants, and intra-ocular lenses 
(Costerton et al. 2005). 
4.3.1 Biofilm formation  
Biofilm formation is a multistep process which can be 
categorized into four distinct phases; attachment (adhesion), 
accumulation, maturation and detachment (McCann et al. 2008). 
Since coagulase-negative S. epidermidis and coagulase-positive S. 
aureus are the most frequent causes of nosocomial infections and 
infections on indwelling medical devices involving biofilms 
(Otto 2008, O´Gara & Humphreys 2001, Fitzpatrick et al. 2005) 
more emphasis will be devoted to investigate their abilities to 
form biofilms. Clinical manifestations of infections due to S. 
epidermidis differ from those of S. aureus infections. Bacteremia 
caused by coagulase-negative staphylococci is rarely life-
threatening, especially if treated rapidly and appropriately.  The 
clinical prospect is typically non-specific, and the clinical course 
more often subacute or even chronic. (von Eiff et al. 2002) 
Staphylococcus epidermidis is much less toxigenic than S. aureus. 
Staphylococcus aureus produces many toxins and tissue 
damaging exoenzymes in a strain-dependent manner and cause 
infections which are much more likely to result in serious 
adverse consequences for the patient (von Eiff et al. 2002, 
Katsikogianni & Missirlis 2004, Millar 2005).  
In general, bacteria prefer to grow attached to surfaces in 
contact with liquids (Davies 2000). Surfaces are thought to 
provide a higher concentration of nutrients and to promote 
genetic exchange as well as conferring protection from the 
host`s immune system to destroy the pathogenic strain (Donlan 
2001). Initial bacterial attachment is the first critical step in the 
development of implant-associated infection. There are a 
multitude factors involved in this first phase e.g. surface 
conditioning, mass transport, surface charge, hydrophobicity 
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and roughness as well as surface micro- or nanotexture (Palmer 
et al. 2007). Before bacterial attachment, proteinaceous, 
macromolecular components present in the body fluids 
immediately are adsorbed onto the implant forming a 
conditioning film (Gristina 1987) which plays an important role 
in bacterial adhesion (Wadström 1989) and these host proteins 
may even serve as receptors for bacterial attachment (Fitzpatrick 
et al. 2005).  
The physicochemical properties of the implant surface listed 
above also influence proteins adhesion. Many proteins in serum 
or tissue such as albumin, fibronectin, fibrinogen, laminin, 
denatured collagen and others promote or inhibit bacterial 
adhesion binding to substrata or bacterial surface (Katsikogianni 
& Missirlis 2004, An & Friedman 1998). Most of the binding 
between proteins and bacteria is specific ligand- and receptor-
mediated interactions (An & Friedman 1998). This protein 
adsorption is important to be taken into consideration also in 
vitro models, for instance by precoating the surfaces with serum 
proteins before bacterial culturing. Patel et al. (2007) 
demonstrated that the initial adhesion of S. epidermidis was 
suppressed in the presence of adsorbed serum proteins even 
though inter-bacterial adhesion, possibly aided by slime 
production, led to the formation of a robust biofilm. Physical 
forces such as van der Waals attraction and gravitational forces 
as well as the effect of surface electrostatic charge and 
hydrophobic interactions are involved in this initial attachment 
of bacteria to the surface. These physical interactions can be 
divided into weak long-range interactions of low specificity 
(electrostatic and or van der Waals forces) existing during 
reversible attachment and highly specific short-range 
interactions (dipole, ionic and hydrogen bonding) during 
irreversible attachment (An & Friedman 1998). During this 
initial contact, bacteria display Brownian motion and can be 
readily removed by fluid shear forces e.g. rinsing (Marshall et al. 
1971). In addition, the involvement of specific protein factors 
including the staphylococcal surface proteins, SSP-1 and SSP-2, 
has been observed in the initial attachment of S. epidermidis to 
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abiotic surfaces (Veenstra et al. 1996). Moreover teichoic acids, 
highly charged cell wall polymers, play a key role in the 
primary attachment phase of biofilm development (O`Gara et al. 
2007). In S. epidermidis adherence, the cell wall lytic enzyme AtlE, 
which affects the hydrophobicity of the cell surface, is thought 
to play an important role (Heillman et al. 1997, Rohde et al. 
2006). This initial attachment of bacteria forms the base for the 
second phase of adhesion where the molecular- and protein-
specific reactions between bacterial surface structures and 
implant surfaces become predominant. This phase is indicative 
of a stronger adhesion of bacteria to a surface by the bridging 
function of bacterial surface polymeric structures such as 
capsules, fimbriae, pili and slime (An & Friedman 1998). With S. 
epidermidis and S. aureus, the best-known adhesins during the 
accumulation are the extracellular polysaccharide adhesin, 
termed polysaccharide intercellular adhesin and polymeric N-
acetyl-glucosamine (O`Gara et al. 2007). In addition, the role of 
surface proteins like accumulation associated protein, biofilm-
associated protein and biofilm-associated homologue protein 
are associated in biofilm development in staphylococci (McCann 
et al. 2008, O`Gara et al. 2007,Katsikogianni & Missirlis 2004).  
When bacteria have irreversibly attached to a surface, the 
process of biofilm maturation begins where the density and 
complexity of the biofilm increase, since surface-bound 
organisms begin to actively replicate or die and extracellular 
components generated by attached bacteria interact with 
organic and inorganic molecules in the immediate environment 
to create the glycocalyx. For example, with implants this may 
include a host-derived inflammatory response proteins or 
matrix proteins like fibrinogen, fibronectin and 
glycosaminoglycans attached to the implant surface. (Dunne 
2002) The regulation of gene expression in response to 
increasing cell density and thereby enabling the bacteria to 
adapt to changing environmental conditions like a change in the 
nutrient supply, altered oxygen levels and the switch from 
plancktonic to biofilm growth is called cell-cell communication 
or a quorum sensing (QS) system (Otto 2004). Two QS systems, 
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the luxS QS system and the accessory gene regulator system 
have been identified to regulate several of the biofilm associated 
factors of S. epidermidis and S. aureus at various stages of biofilm 
formation (McCann et al. 2008, Xu et al. 2006, Vuong et al. 2004). 
Accessory gene regulator has been demonstrated to play a key 
role in the detachment process of biofilm bacteria (Vuong et al. 
2004). Also the delta-toxin has been shown to be involved in 
detachment process (McCann et al. 2008). The detached cells of 
biofilm may contribute to the toxemia associated with acute 
staphylococcal infections (Yarwood & Schlievert 2003).  
Biofilm resistance is typically multifactorial and may vary 
from one organism to the next. The complexity of factors makes 
biofilm eradication very complicated and often requires prompt 
removal of the implant (Aslam 2008, Neut et al. 2007, Darouiche 
2001). First of all, bacteria in biofilms are enclosed within a 
protective matrix composed of exopolysaccharide, proteins and 
nucleic acids which act as a barrier against penetration of 
antimicrobial agents (Arciola et al. 2005, McCann et al. 2008). In 
addition, the growth rate of the bacteria in biofilms plays a role 
in antibiotic resistance, since antimicrobials are more effective in 
killing rapidly growing cells and the bacteria in biofilm are in a 
slow-growing or stationary phase (Lewis 2005, Ashby et al. 1994, 
Fux et al. 2005, McCann et al. 2008). It has also been suggested 
that some bacterial cells in the biofilm develop a distinct 
phenotype including expression of genes which renders them 
resistant to antibiotics (McCann et al. 2008). Biofilm bacteria 
may also produce so-called persister cells which are a unique 
class of inactive but highly protected cells having tolerance to 
antibiotics (Cogan 2006, Lewis 2005). In addition, the altered 
chemical microenvironment present within a biofilm including 
pH, pO2, pCO2, the divalent cation concentration, the hydration 
level and the pyrimidine concentration can influence the activity 
of certain antimicrobials (Dunne 2002).  
4.3.2 In vitro tests  
Evaluating bacteria-material interaction in vitro is challenging 
and complicated process and these simplified measurements 
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might be misleading since the whole system is very complex 
and dynamic. In vivo, an implanted material is typically under a 
mechanical stress state and the surface of the implant may 
change the composition with time. The biological fluid flow also 
interacts with surface and the number, specificity and activity of 
adhesive receptors may vary as a function of time 
(Katsikogianni & Missirlis 2004). Furthermore, there is always 
the race for the surface between bacteria and tissue cells 
(Gristina 1987). However, well sophisticated in vitro techniques 
provide useful means for investigating the adhesion process and 
biofilm formation of infected bacteria. There are many 
important environmental factors that should be taken into 
account when performing in vitro tests. These include general 
culturing circumstances such as temperature, pH, time period of 
exposure, bacterial concentration and the possible sterilization 
or chemical treatments of substrate before culturing or the 
presence of antibiotics (An & Friedman 1998).  
Serum proteins have also a significant role, either promoting 
or inhibiting bacterial adhesion. These proteins may bind to the 
surface of the material or bacteria or may influence the bacterial 
adhesion just by being present in the culture medium. By 
changing these environmental factors, one can better control the 
whole adhesion process. The adhesion process for a specific 
material depends to a great extent on the bacterial species and 
strains. This can be explained by different physicochemical 
characteristics of separate species and strains (An & Friedman 
1998). One of the most important physical factors of bacteria is 
its hydrophobicity. Another parameter is the bacterial surface 
charge which is almost always negative in an aqueous 
suspension even though the degree from species to species may 
vary. The surface charge of bacteria varies in different bacterial 
species and is affected by the growth medium, the pH and the 
ionic strength of the suspending buffer, bacterial age, and 
bacterial surface structure. (Katsikogianni & Missirlis 2004) 
One commonly used in vitro technique is the static assay. In 
this assay, the surface is overlaid with a suspension of bacteria 
for a predetermined period of time. Subsequently non-adherent 
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bacteria are removed by rinsing or centrifugation and the 
adhered bacteria are counted and visualized. (Katsikogianni & 
Missirlis 2004) The remaining bacteria and biofilm can be 
investigated by many methods : 1) microscopy for counting and 
morphological visualization of adherent bacteria (light-, image-
analyzed epifluorescence-, scanning electron-, confocal laser 
scanning- and atomic force microscopy), 2) viable bacteria 
counting methods (“Colony forming unit” (CFU) plate counting, 
radiolabelling and “Circulating tumor cell” staining) and 3) 
direct and indirect methods like spectrophotometry, coulter 
counter and biochemical markers (e.g. adenosine-5'-
triphosphate). Methods of evaluating slime or biofilm include 
visualizing the biofilm by different staining and microscopy 
methods. Biofilm thickness, density, morphology and content 
measurements are essential for biofilm study and could be 
recognized using different microscopical (such as light-, 
confocal-, epifluorescence- and scanning electron microscopy) 
and immunochemical methods. (An & Friedman 1997, 
Katsikogianni & Missirlis 2004) Different flow chamber 
techniques in which the parallel-plate and radial techniques are 
the most widely used to study microbial surface interactions 
under conditions of flow. Rotating a disc in liquid is one way to 
achieve a flow effect. In vitro techniques also enable the 
measurement of the interaction forces between the bacteria and 
the surfaces. Nowadays, the atomic force microscope (AFM) has 
become a powerful tool for this kind of study (Katsikogianni & 
Missirlis 2004). In addition, there is a great need for an in vitro 
system which would allow the race between bacteria and tissue 
cells to be investigated and the first experimental set-up has 
now been tested. According to this setup, both the absence and 
presence of flow, as well as the number of adhering bacteria, 
appear to determine whether tissue cells are able to grow on a 
biomaterial surface (Subbiahdos et al. 2009).  
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4.3.3 Effects of material properties on bacterial adhesion and 
biofilm formation  
The decisive material properties influencing the bacterial 
adhesion are as follows: topography (roughness, micro- or 
nanotexture), wettability, charge and chemical composition. 
These material properties may be utilized in creating novel 
surface coatings to prevent bacterial adhesion but one needs to 
remember that these influences are not so straightforward since 
the first adhering proteins may change these properties. It has 
been reported that rough surfaces promote bacterial adhesion 
and colonization in general (Tang et al. 2009, Harris et al. 2007, 
Amarante et al. 2008, Chin et al. 2007, Taylor et al. 1998). Recent 
studies have also suggested that nanostructured materials may 
be used for inhibition of bacterial adhesion and biofilm 
formation in orthopedic implants not only do they have a better 
efficacy as bone implants but they also promote 
osseointegration as compared to conventional orthopedic 
implant materials (Montanaro et al. 2008, Weir et al. 2008).  
Several studies have reported a strong positive relationship 
between surface hydrophobicity and the rate of bacterial 
adhesion (MacKintosh et al. 2006, Cerca et al. 2005, Patel et al. 
2007, Bayoudh et al. 2009, Kodjikian et al. 2003, Sousa et al. 2009). 
However, Tang et al. (2009) demonstrated that there was a 
decreasing order of S. epidermidis adhesion with increasing 
surface hydrophobicity on polymeric surfaces. Furthermore, a 
hydrophobic diamond-like carbon-polytetrafluoroethylene-
hybrid (DLC-PTFE-h) has been demonstrated to resist bacterial 
adhesion (Kinnari et al. 2007). An important factor when 
investigating the effects of these wettability properties on 
bacterial adhesion is also the presence of serum proteins (Patel 
et al. 2007, MacKintosh et al. 2006) and the ionic strength of the 
culture medium (Bayoudh et al. 2009). Some investigators have 
found that more hydrophobic bacteria strains have higher 
adhesion rates than their less hydrophobic counterparts and 
usually adhere better to hydrophobic than onto hydrophilic 
surfaces (Bruinsma et al. 2001, Bayoudh et al. 2006, 2009). It has 
been also demonstrated that hydrophilic surfaces are subjected 
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to lower adhesion rates as compared with hydrophobic control 
surfaces regardless of the bacterial strain’s surface 
hydrophobicity (Cerca et al. 2005, Bayoudh et al. 2009). Thus, 
the results in the literature are still in controversial.  
The classical DLVO (Derjaguin, Landau, Verwey, Overbeck) 
theory of colloid stability has been used to explain the adhesion 
of microorganisms towards a substratum. According to this 
theory, particle adhesion is driven by the sum of the attractive 
Lifshitz-Van der Waals (LW) interactions and the electrostatic 
double layer (EL) interactions, which can be either attractive or 
repulsive, depending on the surface charge. (Derjaguin & 
Landau 1941, Verwey 1947) However, this theory is not valid for 
the bacterium and substratum surfaces, where hydrogen and 
chemical bonds are involved in the adhesion mechanisms. The 
extended XDLVO theory takes into account how these bonds 
affect the close approach of bacteria and substrate surface by 
incorporating an additional term called the short-range Lewis 
acid base (AB) interactions in addition to LW and EL 
interactions (van Oss et al. 1986, van Oss 1995). The AB 
interactions are based on electron donor/electron acceptor 
interactions between polar moieties in polar media and can be 
attractive or repulsive and may be up to 10-100 orders of 
magnitude greater than these non-specific LW and EL 
interactions (van Oss et al. 1989). Some researchers have 
evaluated the relationship between different modes of the 
adhesion and adhesion dynamics of staphylococci to a 
hydrophilic and hydrophobic substrate. According to that study, 
more adsorption and desorption events were found on 
hydrophilic surfaces compared to hydrophobic counterparts. 
This difference was concluded to be attributable to repulsive AB 
interactions between the staphylococci and the hydrophilic 
surface, as opposed to the hydrophobic surface exerting 
attraction. (Boks et al. 2009) Baier (Baier 1980) determined a 
relationship between bacterial adhesion and SFE, known as 
Baier’s curve, demonstrating that the lowest bacterial adhesion 
is obtained with a SFE level around 25 mN/m. Other studies 
have also obtained the same correlation between bacterial 
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adhesion and SFE (Pereni et al. 2006, Litzler et al. 2007). 
However, one has to remember that both DLVO and XDLVO 
theories are limited to the first stages of attachment and they do 
not account for the biological specific interactions and specific 
experimental conditions these have a major influence on the 
adhesion process between adhesive proteins and bacteria (Vitte 
et al. 2004, Pereni et al. 2006, Litzler et al. 2007). As mentioned 
above, bacteria typically have a net negative charge on their cell 
wall at neutral pH. Thus one can conclude that material surface 
charge has an influence on bacterial adhesion and that greater 
repulsive forces exist between negatively charged bacterial cells 
and negatively charged surfaces. In addition to all of the above 
mentioned material surface properties which have been 
demonstrated to have an influence on bacterial adhesion, there 
is a study which suggests that mechanical stiffness of substrate 
material represents an additional parameter that can regulate 
adhesion and subsequent colonization by viable bacteria 
(Lichter et al. 2008).  
4.3.4 Preventing of bacterial adhesion  
Optimizing the surface properties of implant material may be 
one effective way to prevent bacterial adhesion. In addition, 
coatings that release metals with antibacterial properties have 
been used to prevent implant infections. The commonly used 
are the biomaterials coated or impregnated with silver oxide 
(Ag2O), Ag alloy or Ag nanoparticles (Furno et al. 2004, Verne et 
al. 2009, Zhang et al. 2008b, Secinti et al. 2008, Stobie et al. 2008, 
Chen et al. 2006). However, there exists a risk that the wide use 
of Ag products may result in the growth of Ag resistant bacteria 
(Silver 2003). The usefulness of Co as an antibacterial agent has 
also been known for a long time (Kim et al. 2006, Zhang et al. 
2007). The enhancement of antibacterial properties of diamond-
like-carbon (DLC) has been extensively studied and many 
dopants have been found to increase this property e.g. Ag and 
platinum (Pt) (Morrison et al. 2006), silicon (Si) (Shao et al. 2010, 
Liu et al. 2008, Zhao et al. 2007a, Zhao et al. 2009), fluorine (F) 
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(Ishihara et al. 2006), nitrogen (N) (Liu et al. 2008, Zhao et al. 
2009) and polytetrafluoroethylene (PTFE) (Kinnari et al. 2007).  
Some other examples of studies where the bacterial resistance 
towards typical implant materials have been tested are gas 
nitriding of TiAl6V4 alloy (Sarrò et al. 2006) and ion-implantation 
(N+, O+ and SiF3) of SS (Zhao et al. 2008). The anti-biofilm 
properties of chitosan-coated surfaces have been recently tested 
(Carlson et al. 2008, Shi et al. 2008, Chua et al. 2008) and by 
utilizing surface-grafted chitosan in conjunction with the cell 
adhesive RGD peptide, it has been possible to increase 
osteoblast cell attachment, proliferation and ALP activity (Shi et 
al. 2008, Chua et al. 2008). Loading of antimicrobial agents into 
the medical devices has been used to produce bacteria-
inhibitory and bactericidal surfaces. In total joint arthroplasty, 
this means that the bone cement has been loaded with antibiotic 
(Block & Stubbs 2005, Jiranek et al. 2006). However, several 
investigators have demonstrated that biofilm can be easily 
formed on antibiotic-loaded bone cement: biofilm production 
may be reduced but not totally eliminated in the presence of 
locally delivered antibiotics (van de Belt et al. 2000, 2001, Dunne 
et al. 2008, Oga et al. 1992). There is also the possibility that the 
coating of medical devices with antibiotic may lead to the 
proliferation of antibiotic-resistant bacteria. Furthermore, recent 
advances in the knowledge of the molecular mechanisms of 
biofilm formation have opened the way to the development of a 
number of strategies which concentrate on the functional 
molecules, gene systems and regulatory circuits and which can 
be used to inhibit biofilm infections. For S. epidermidis, surface-
expressed components such as polysaccharide intercellular 
adhesin, techoid acid, proteinaceous adhesins and cell-wall 
anchored proteins have been identified as promising targets for 
vaccine development (Götz 2004). However, the occurrence of 
allelic variations in staphylococci makes the production of an 
effective vaccine very challenging (Marra 2004).  
All in all, the need for prevention of bacterial adhesion and 
biofilm formation is as acute as ever and also in this matter 
“prevention is better than cure”.   
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4.4 SURFACE PROPERTIES OF IMPLANT MATERIAL     
An evident factor that differentiates a biomaterial from any 
other material is its ability to be in contact with tissues of the 
human body without causing unacceptable adverse effects in 
the body.  Within biomaterials science, the term 
biocompatibility is extensively used, but still it is not fully 
understood what it actually means and especially unraveling all 
the mechanisms behind these phenomena. (Williams 2008) The 
definition of biocompatibility which refers to the ability of a 
material to perform with an appropriate host response in a 
specific situation (Williams 1987) is based on the three principles: 
1) a material has to perform, not only exist in the tissues, 2) the 
response which it creates has to be appropriate for the 
application and 3) the nature of the response to a specific 
material and its suitability may vary from one situation to 
another (Williams 1999). These parameters relate to an 
important feature of novel implant materials: the material 
should specifically react with the tissues rather than be ignored 
by them. For bone implants, one of the single most important 
characteristic is the support of osseointegration. There is a huge 
number of chemical, biochemical, physiological, physical and 
other mechanisms which are involved in the contact between 
biomaterials and the tissues and which affect the 
biocompatibility (Williams 2008). The development of medical 
implants is now concerned not only with the bulk characteristics 
of the material used, but also those of surface. Surface 
wettability, energy, charge, chemistry and composition are 
among the characteristics that could influence the host response. 
In addition, alterations in the surface topography have been 
used to influence cell, protein and bacteria responses to implants.  
4.4.1 Topography   
The determination of surface topography can be based on either 
texture which refers to configurations with defined dimensions 
or roughness which refers to changes in surface topography 
with random size and distribution. Surface roughness is 
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quantified by the vertical deviations of a real surface from its 
ideal form. There are many different roughness parameters in 
use, but arithmetic mean deviation of the surface, Ra, is by far 
the most common: 
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Z(x) is the profile from a midline and lr is the sampling length 
over which the surface profile has been measured (Tomlins et al. 
2005). 
 A number of techniques are available for measuring surface 
roughness. Contact methods involve stretching a measurement 
needle across the surface. Profilometers are the best known 
instruments for contact measurements. Non-contact methods 
include interferometry, atomic force microscopy and scanning 
tunneling microscopy (Tomlins et al. 2005). E.g. the resolution of 
the 3D AFM images is typically below 0.1 nm in the vertical 
direction and several nanometers at the horizontal level.  This 
kind of detailed information from the surface topography is 
particularly relevant for studies into protein adsorption onto 
substrates and cell-biomaterial interactions (Tomlins et al. 2005).  
The surface roughness of a sample for studying cell, protein or 
bacteria interactions has been modified via sandblasting 
(Lampin et al. 1997, Iwaya et al. 2008, Orsini et al. 2000, Anselme 
& Bigerelle 2005), plasma spraying (Nebe et al. 2007, Saldańa et 
al. 2006), mechanical polishing (Ponsonnet et al. 2003, Iwaya et 
al. 2008, Anselme & Bigerelle 2005, Harris et al. 2007) and acid-
etching (Iwaya et al. 2008, Orsini et al. 2000, Anselme & Bigerelle 
2005) of the surface. Specifically, surface roughness of materials 
in the nanometer range plays an important role in the 
adsorption of osteoblast friendly proteins e.g. vitronectin (Vn) 
and Fn and consequently the adhesion, spreading, and 
proliferation of osteoblasts (Degasne 1999). In vitro studies on 
osteoblastic cells grown on the surfaces with varying 
roughnesses have also reported changes in cell morphology 
(Puckett et al. 2008, Kim et al. 2005), adhesion (Puckett et al. 
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2008, Pareta et al. 2009, Khang et al. 2008), proliferation (Das et 
al. 2009, Reising et al. 2008), differentiation (Lincks et al. 1998, 
Kieswetter et al. 1996), and gene expression (Das et al. 2009, 
Brett et al. 2004, Harle et al. 2004). A summary of surface 
topography effects on the cell behaviour is presented in 
Appendix table. There are many of studies which have shown 
that implant surfaces of different roughness have marked effects 
on bone growth, and osseointegration in vivo (Abe et al. 2008, 
Schwartz et al. 2008, Feighan et al. 1995, Jinno et al. 1998, 
Cochran et al. 1996).  However, it has to be noted that a change 
in the surface roughness is also related to changes in wettability 
and SFE properties of surface and it may be difficult to conclude 
which mechanism is modulating cell behaviour (Khang et al. 
2008, Das et al. 2009, Ponsonnet et al. 2003). Furthermore, the 
surface roughness effects depend on the substrate material 
(Hallab et al. 2001b, Jinno et al. 1998) and cell line. For example, 
fibroblasts prefer smoother surfaces (Kunzler et al. 2007, 
Ponsonnet et al. 2003, Wirth et al. 2005), in contrast to 
osteoblasts which adhered better on rougher surfaces.  
Control of the cellular micro- and nanoenvironment is of 
great importance in the development of novel medical devices 
such as biosensors, tissue engineering constructs, high 
throughput drug screening systems and implants. Although 
material surface properties have been studied intensively, for 
instance the superordinate principles of cellular responses to 
surfaces with a defined texture are still poorly understood. This 
is due to the fact that many variables influence cellular 
interactions to surface structures and general trends in cell 
behaviour are difficult to establish because of differences in cell 
type and line, substrate material, feature aspect-ratio and 
geometry as well as the parameters being measured (Jäger et al. 
2007, Martinez et al. 2009). However, it is generally accepted 
that the three-dimensional surface topography is one of the most 
important parameters that influences cellular reactions (Jäger et 
al. 2007, Martinez et al. 2009, Flemming et al. 1999, Curtis & 
Wilkinson 1997). Modern implants for bone application have 
been designed with a smooth surface at the nanometer level 
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since they are composed of constituent micron grain sizes. 
(Kaplan et al. 1994) When studying the effects of surface 
topography on cell behaviour, various etching and laser 
micromachining techniques (Curtis & Wilkinson 1997, 
Flemming et al. 1999, Mwenifumbo et al. 2007) are typically 
used to texture different substrate materials such as Si (den 
Braber et al. 1996, Ismail et al. 2007, Mwenifumbo et al. 2007). 
However, the creation of complex three dimensional shapes 
with traditional Si microfabrication techniques would be 
extremely difficult. Polymeric substrate materials are more 
suitable for this purpose and previous studies have focused on 
certain polymers i.e. polystyrene, polymethylmethacrylate, 
polydimethylsiloxane and polycarbonate (Flemming et al. 1999), 
mainly textured using electron beam lithography, 
photolithography (Bentacourt & Brannon-Peppas 2007) and soft 
lithographic (Xia & Whitesides 1998) techniques. There are a 
large number of studies which have examined the micro- and 
nano-sized patterning effects on various properties of e.g. 
osteoblastic cells alignment (Mwenifumbo et al. 2007, Ismail et 
al. 2007, Lu & Leng 2003, Charest et al. 2004), morphology 
(Flemming et al. 1999, Puckett et al. 2008), proliferation (Rea et 
al. 2004, Teixeira et al. 2007) as well as osteoprogenitor cell 
differentiation towards an osteoblastic phenotype (Dalby et al. 
2006, Kantawong et al. 2009). It is well-known that bone cells 
align along defined substrate morphologies (Charest et al. 2004, 
Rea et al. 2004, Hamilton et al. 2006). This “contact guidance” 
was first observed in the early 1900’s (Harrison 1912). There are 
some review articles which have summarized the substrate 
topographical effects on cell behaviour. These studies have 
mainly concentrated on the cell alignment through 
microgrooves, and revealed them to align along the long axis of 
the grooves, while actin and other cytoskeletal elements 
organize in an orientation parallel to the grooves. (Curtis & 
Wilkinson 1997, Flemming et al. 1999, Martinez et al. 2009).  
Microscale pillars and wells can influence both osteoblastic 
cells alignment (Rea et al. 2004, Hamilton et al. 2006) and the 
cellular microenvironment and thus be of potential importance 
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in the field of bone regeneration (Hamilton et al. 2006). The 
comparison of pillar and wells revealed that pillar formations 
increased cell proliferation and density in comparison to 
surfaces patterned with wells (Rea et al. 2004, Green et al. 1994). 
Pillar structures have also been demonstrated to exhibit a 
greater number of human connective tissue progenitor cells 
compared to smooth surfaces (Mata et al. 2002) and to influence 
astroglial cell attachment, growth and morphology (Turner et al. 
2000). Previously it was thought that a continuous edge of the 
surface feature is a prerequisite for guided cell migration, 
however it is known that microfabricated discontinuous-edge 
surfaces can also guide cell migration in fibroblasts and 
epithelial cells (Hamilton et al. 2005) as well as in osteoblastic 
cells (Hamilton et al. 2006). More results of previous studies are 
presented in Appendix table.  
4.4.2 Wettability and surface energy   
The investigation of surface wettability by means of contact 
angle determination is of special interest in the characterization 
of the biomaterial surface. Wetting is the ability of a liquid to 
maintain contact with a solid surface and the degree of wetting 
(wettability) is defined by a force balance between adhesive and 
cohesive forces. Adhesive forces between a liquid and solid 
allow a liquid drop to spread across the surface whereas 
cohesive forces cause the drop to ball up, avoiding contact 
between the liquid and surface. Conversely, the disposition of a 
drop to spread out over a flat, solid surface increases as the 
contact angle decreases. Therefore, the contact angle may be 
determined as an inverse measure of wettability. The contact 
angle may be defined as the angle which forms when a 
liquid/vapor interface meets the solid surface. The energy of the 
surface, which is directly related to its wettability properties, is a 
feasible parameter that has often connected closely with 
biological interaction. These interfacial energies (solid-vapor 
interfacial energy γsv, solid-liquid interfacial energy γsl and the 
liquid-vapor energy γlv) are given by Young`s equation (Young 
1805), where θ is the equilibrium contact angle: 
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.cos lvslsv                                       (2) 
 
It is notable that at thermodynamic equilibrium, the chemical 
potential of three phases (the liquid phase of the droplet, the 
solid phase of the substrate  and the vapor phase of the ambient) 
should be equal and that possible surface roughness or 
impurities cause a deviation in the equilibrium. A non-wettable 
surface may be termed as being hydrophobic (Fig. 7a) when 
water forms droplet on the surface and a wettable surface may 
be also called hydrophilic (Fig. 7b) when water spreads on the 
surface. Usually a contact angle less than 90° indicates that the 
wetting of surface is favourable whereas angles greater than 90° 
generally proves wetting of the surface being unfavourable. 
(Hasirci & Hasirci 2005, Ratner et al. 1996, Neumann & Godd 
1979, Young 1805) It has also been suggested that water contact 
angles smaller than 65° are hydrophilic, while those larger than 
65° are hydrophobic (Vogler 1998).  
 
θ
A                                                 B
θ
Hydrophobic material Hydrophilic material
 
 
Figure 7: Presentation of how the droplet behaves on hydrophobic (a) and on 
hydrophilic (b) surfaces. 
 
There are many various methods with different sensitivity to 
measure contact angles. Typically they are conducted with a 
goniometer using an optical subsystem to capture the profile of 
a pure liquid on a solid substrate and a syringe with a needle 
that is used to apply the solvent droplet onto the surface. The 
static sessile drop method is an optical contact angle method 
used to estimate wetting properties of a localized region on a 
solid surface. The static contact angle is formed when all 
participating phases have reached their natural equilibrium 
4 – Host tissue-bone implant interaction 
66 
 
positions. The dynamic sessile drop method determines the 
advancing angle (maximum angle) and receding angle (smallest 
angle) when fluid is added or removed to the drop already on 
the surface respectively. (Hasirci & Hasirci 2005, Neumann & 
Godd 1979) The material’s SFE and its components may be 
calculated using different approaches when contact angles are 
measured using different polar and unpolar liquids whose 
surface tensions are known. The dispersive component of the 
material SFE refers to van der Waals and other non-site specific 
interactions between solid surface and an applied liquid 
whereas hydrogen bonding, dipole-dipole, dipole-induced 
dipole and other site-specific interactions are related to the polar 
component of the material SFE. 
When culturing cells on biomaterial surfaces, the contact 
angle is an important parameter that guides surface property 
modification attempts. The wettability of a solid surface 
depends on two factors - the surface structure and the surface 
chemistry. As discussed before, by modifying surface roughness, 
it also affects the wettability properties of material. In 
hydrophobic materials, patterning increases the hydrophobic 
nature of material as well as in hydrophilic materials, patterning 
increases the hydrophilicity. The synergistic effect of favourable 
wettability and topography properties has been observed to 
promote osteoblast-like cells adhesion (Khang et al. 2008, Feng 
et al. 2003, Misra et al. 2009) and osteocalcin production  (Zhao 
et al. 2007b) on the Ti surfaces. One of the most widely used 
techniques to enhance the hydrophilicity of a biomaterial is 
plasma treatment (Lim et al. 2008, Liao et al. 2003). Laser 
treatments (Wang et al. 2006, Hao & Lawrence 2007), self-
assembled monolayers (Kennedy et al. 2006), and different 
chemical treatments have also been used to modify the 
wettability properties. Another approach to modify the contact 
angle of material is to use different dopants. For example, the 
wettability properties of carbon films have been modified with 
Si (Liu et al. 2008, Zhao et al. 2007a, Wan et al. 2006), F (Schulz et 
al. 2005, Ishihara et al. 2006), iron (Fe) (Chen et al. 2001), Al 
(Chen et al. 2001), Ag (Choi et al. 2008) and Ni (Chen et al. 2001) 
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dopants. Increased wettability with higher SFE has been shown 
to enhance the osteoblastic cells spatial growth and 
mineralization (Lim et al. 2008), adhesion (Khang et al. 2008, 
Feng et al. 2003) and differentiation (Lim et al. 2008, Liao et al. 
2003, Zhao et al. 2005, Zhao et al. 2007b). An in vivo study in 
which hydrophilic and hydrophobic Ti discs were implanted in 
rat tibia for three weeks demonstrated that the rate and extent of 
bone formation was increased around hydrophilic disc, 
supporting the hypothesis that SFE does promote bone cell 
maturation and differentiation (Eriksson et al. 2004). However, 
also intermediate SFE has been shown to be favourable in cell 
functions (van Wachem et al. 1985, Lee et al. 1998), and Fn-
mediated proliferation of osteoblastic cells has been 
demonstrated to be enhanced on hydrophobic surfaces 
(Kennedy et al. 2006). If compared polar and dispersive 
component of SFE, polar component of the surface has been 
found to have a dominant role in the functions of osteoblastic 
cells (Feng et al. 2003, Redey et al. 2000).  
4.4.3 Surface charge 
The electric charge of a biomaterial surface is considered to be 
one of the main physical factors affecting cell/protein-
biomaterial interactions (Khorasani et al. 2006, Cai et al. 2006). 
When a solid surface is in contact with a liquid, surface charges 
accumulate and an EL is established. The zeta potential ( ) is 
widely used for quantification of the magnitude of the electrical 
charge at the double layer (Fig. 8). In the vicinity of a solid-
liquid interface, the charge carriers are fixed (stationary layer), 
whereas they are mobile in the liquid phase (mobile layer) at a 
greater distance. A plane of shear separates these layers from 
each other and the potential at this interface between the 
immobile and mobile layers is known as the zeta potential. Thus, 
the zeta potential is not equal to electric surface potential in the 
double layer but is often the only available path for 
characterization of its properties. (Lyklema 1995) 
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Figure 8: Schematic diagram of the electrostatic double layer in zeta potential 
measurements. The charge distribution is divided into a stationary and a mobile layer 
which are separated by a plane of shear. The zeta potential ( ) is assigned to the 
potential decay at this shear plane. 
 
The zeta potential is measured by electrophoresis for 
particles or alternatively by streaming potential/current 
methods for solid surfaces. From the instrumental viewpoint, 
electrophoretic light scattering is the mostly used 
electrophoretic method to determine the velocity of the particles 
suspended in a liquid medium under an applied electric field. In 
this technique, the particles are irradiated with a laser light and 
the scattered light emitted from the particles is detected. The 
electrophoretic mobility of the particles can be measured from 
the frequency shift of the scattered light. In the streaming 
potential/current method, an electrolyte is circulated through 
the measuring cell and is forced under pressure to flow directly 
through a small gap formed by two geometrically identical 
sample surfaces. Streaming current/potential is measured with 
two electrodes placed at both end of the samples, and the zeta 
potential can be then determined using mathematical models. 
When determining the effects of biomaterial surface charge in 
4 – Host tissue-bone implant interaction 
69 
 
implant applications, several factors such as the chemical 
composition of the material surface in contact with the tissues, 
the inflammatory situation, the composition of the surrounding 
body fluid and the environmental pH value need to be taken 
into account (Krajewski et al. 1998).  
Zeta potential is one of the properties which is believed to 
have profound effects on the biological response of cells to 
materials and it is stated that the zeta potential might be a 
critical parameter for cellular interactions (Altankov et al. 2003). 
However, the effects of magnitude and polarity of surface 
charge on the behaviour of osteoblastic and other cells are not 
well understood. There are more published results of zeta 
potential effects on protein adsorption. It has been demonstrated 
that the lower the absolute value of zeta potential of the surface, 
the lower is the adsorption of albumin (Krajewski et al. 1996, 
1998), fibrinogen (Cai et al. 2006) and other serum proteins (El-
Ghannam et al. 2001). The zeta potential has been shown to 
correlate with cell biological activation (Veronesi et al. 2002), 
fibroblast attachment (Khorasani & Mirzadeh 2007, Khorasani et 
al. 2006, Hamdan et al. 2006) and osteoblast-like cells adhesion 
(Cheng et al. 2005, Tanimoto et al. 2008, Bodhak et al. 2010, 
Thian et al. 2010). In vivo tests with bone implants have 
demonstrated the importance of surface charge of implant 
material e.g HA ceramics (Itoh et al. 2006, Nakamura et al. 2009) 
and biphasic calcium composite (Smeets et al. 2009) on bone 
formation and osseointegration. However, in attempts to 
investigate the correlation between zeta potential and 
protein/cell/bacteria adsorption behaviour on implant materials, 
it has to been noted that many other factors like functional 
groups, surface treatments and dopants which have been used 
to modify the surface charge may have affects the behaviour of 
cells, proteins and bacteria.  
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5 Carbon coatings  
Carbon is a unique element, which provides the basic 
framework for all tissues of plants and animals. Carbon is non-
metallic and tetravalent where out of six electrons surrounding 
the C atom nuclei, four are able to create chemical bonds. It is 
able to form tetrahedral (sp3), trigonal (sp2) and linear (sp1) bond 
coordinations. There are many allotropes of C of which the 
graphite, diamond and amorphous carbon forms are best 
known. In addition, fullerenes, nanotubes and carbines belong 
to this group. The physical, chemical and biocompatible 
properties of C vary widely according to the allotropic form but 
all of the mentioned forms in medical applications are worth 
being considered. (Narayan 2007, Mitura et al. 2006) Carbon 
biomaterials have been used for over 30 years. The first of these 
were low-temperature isotropic pyrolytic C, in which a pyrolytic 
C-coated aortic valve prosthesis was demonstrated to possess 
biocompatibility, inertness and immunity to fatigue. Pyrolytic C 
is still a common valve prosthesis biomaterial but the most 
widely used C allotrope coating in medical prostheses and 
surgical instruments is DLC, a metastable form of amorphous C. 
(Narayan 2007) The properties of the produced C coatings 
depend on the method of synthesis, parameters of being 
selected and of course the substrate on which the layer is 
deposited. The first DLC coatings were deposited using a beam 
of C ions produced in argon plasma at room temperature 
substrates at the beginning of the 1970s (Aisenberg & Chabot 
1971). Nowadays, DLC films can be produced by a number of 
techniques such as ion beam deposition, ion plating, radio-
frequency plasma enhanced chemical vapour deposition, 
filtered cathodic vacuum arc process, plasma immersion ion 
implantation and deposition, ion beam sputtering,  magnetron 
sputtering, mass selected ion beam deposition and pulsed laser 
deposition (Roy & Lee 2007, Robertson 2002).  
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5.1 DIAMOND-LIKE CARBON/AMORPHOUS DIAMOND     
In DLC film, C exists in an amorphous state that does not 
possess long-range order and consists of a mixture of sp2 
(graphite-like) and sp3 (diamond-like) C bonds deposited using 
high energy carbon species. Diamond-like carbon shares 
properties of both graphite and diamond. Some extreme 
properties of diamond like hardness, elastic modulus and 
chemical inertness can be found in DLC but these are achieved 
in an isotropic disordered thin film with no grain boundaries. 
This makes DLC much cheaper to produce when compared to 
diamond itself. The high fraction of sp3 bonds of DLC enhances 
its properties such as mechanical hardness and chemical and 
electrochemical inertness. (Narayan 2007, Robertson 2002) It is 
typically stated that DLC contains a significant fraction of sp3 
bonds (Robertson 2002), however the DLC coating is generally 
used for a large variety of coatings with some diamond-like 
bonding and it does not guarantee a high fraction of sp3 bonds.  
Different deposition methods have been developed to 
produce increasing degrees of sp3 bonding and the term 
tetrahedral amorphous carbon (ta-C) has been proposed 
(McKenzie 1996, Narayan 2007) for DLC when the fraction of sp3 
bonding reaches a high degree (sp3 > 70%) to distinguish it from 
the sp2 bonded amorphous carbon. Also the term amorphous 
diamond (AD) has been used to describe ta-C (Lappalainen et al. 
1998, Santavirta et al. 1999). The properties of DLC films depend 
also on its hydrogen content and thus DLC can also be described 
with terms such as hydrogenated DLC which contains up to 30 
atom.% hydrogen and up to 10 atom.% oxygen within an 
amorphous carbon matrix. Hydrogenated DLC may also be 
referred to as hydrogenated amorphous carbon (a-C:H). In the 
late 1980’s, it was noted that hydrogen-free DLC possesses 
favourable mechanical, optical and tribological properties. 
Subsequently, both DLC film types have been produced with 
different deposition methods, but hydrogen-free DLC is 
considered to be a more appropriate material for medical 
coatings. (Narayan 2007) In the publications of this thesis both 
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terms DLC (studies III and IV) and AD (study I) have been 
used. But even though the deposition methods used to create 
DLC and AD coatings are different, both of these deposition 
methods have created diamond coatings with high fraction of 
sp3 diamond bondings (80–85%) and containing no hydrogen as 
well as having similar mechanical properties.  
5.1.1 Physical and chemical properties 
Typically DLC is defined as a material with high hardness, wear 
and corrosion resistance, low friction coefficients and chemical 
inertness (Hauert 2003, Grill 2003). Other beneficial properties of 
DLC are high electrical resistivity, infrared transparency, high 
refractive index and excellent smoothness (Roy & Lee 2007). As 
mentioned before, the properties of DLC depend on its sp3, sp2 
and hydrogen content. For instance, the elastic modulus, 
mechanical hardness and density of DLC films correlates with 
the sp3/sp2 ratio and hydrogen content (Table 2). High quality 
DLC coatings can rival crystalline diamond in terms of 
mechanical performance - the hardness of crystalline diamond is 
approximately 100 GPa with the Young’s modulus being 
approximately 1000 GPa (Voevodin & Donley 1996). The 
excellent mechanical and tribological properties of DLC confirm 
its feasibility for orthopedic implant applications (Lappalainen 
et al. 2003, Santavirta et al. 1999, Sheeja et al. 2004, Affatato et al. 
2000). However, the evident factor which limits the use of DLC 
coatings is the lack of adhesion between the substrate and the 
coating. The poor adhesion poses some demands for substrate 
material. It has been noticed that the substrate material has to be 
soft enough (Vickers hardness, Hv < 3 GPa) (Anttila et al. 1997), 
since there is a risk that DLC coating will peel off from a hard 
substrate material because of the high internal stress. 
Furthermore, the substrate material needs to be carbide forming 
material or it is recommended to use carbide forming materials 
like Ta as a thick intermediate layer (Anttila et al. 1997). Some 
other ways to relieve this internal stress are to use post 
deposition thermal annealing (Friedmann et al. 1997), substrate 
5 – Carbon coatings 
74 
 
biasing (Sheeja et al. 2002) or to incorporate certain impurities in 
the coating during deposition (Tay et al. 2001).  
 
Table 2: Comparison of major properties of natural diamond compared to tetrahedral 
amorphous carbon (ta-C), also called diamond-like carbon or amorphous diamond, and 
hydrogenated amorphous carbon (a-C:H). Modified from Voevodin & Donley (1996) 
and Robertson (2002). 
 
Material Sp3 
(%) 
H 
(at %) 
Density 
(g/cm3) 
Hardness 
(GPa) 
Young’s modulus     
(GPa) 
Natural 
diamond 
100 0 3.52 100 1050 
ta-C 80-88 < 1 3.1 80 100 - 500 
a-C:H 40 - 60 30 - 50 1.2 – 2.2 10 - 20 100 - 200 
 
5.1.2 Biocompatibility 
The biocompatible properties of DLC have been the focus of 
extensive research in recent years due to its potential use in 
many biomedical applications (Roy & Lee 2007, Hauert 2003, 
Grill 2003, Dearnaley & Arps 2005). A review article (Roy & Lee 
2007) of biomedical applications of DLC coatings indicated that 
these coatings are rather biocompatible and they do not induce 
any inflammatory reaction when placed inside animals. DLC 
coatings may also be used to reduce thrombogenicity by 
minimizing the platelet adhesion and activation. Due to these 
properties, DLC coated medical devices are finding use in 
orthopedic, cardiovascular and dental applications as well as 
being incorporated into soft contact lenses. (Roy & Lee 2007, 
Dearnaley & Arps 2005) There are many in vitro and in vivo 
studies confirming the biocompatibility of DLC coatings. 
However, due to different deposition techniques and dopants 
which affect the surface chemistry, atomic bond structure and 
hydrogen content of films, all the mechanisms behind the 
biocompatibility are not fully understood. The cytocompatibility 
of DLC has been most widely investigated by using a-C:H films 
in cell experiments. (Roy & Lee 2007) In vitro interactions 
between DLC and osteoblast-like cells (Du et al. 1998, Allen et al. 
5 – Carbon coatings 
75 
 
1994, Chai et al. 2008, Allen et al. 2001, Popov et al. 2007, Yang et 
al. 2009, Bendavid et al. 2007, Calzado-Martin et al. 2010), red 
blood cells (Kwok et al. 2004), endothelial cells (Jing et al. 2007, 
Okpalugo et al. 2006), neuronal cells (Kelly et al. 2008), mouse 
peritoneal macrophages and fibroblasts (Evans et al. 1991), bone 
marrow cells (Schroeder et al. 2000) as well as human 
monocytes and macrophages (Linder et al. 2002), 3T3 fibroblasts 
and T98-G glial cells (Singh et al. 2003) and human MSCs 
(Calzado-Martin et al. 2010) have demonstrated promising 
results in terms of DLC cytocompatibility.  
In vivo tests, where a DLC coated implant has been placed 
inside laboratory animals have also shown good results. The 
lack of harmful reaction to DLC coated CoCr cylinders, 
implanted for 90 days in the lateral femoral cortex of sheep 
demonstrated that the DLC coated surfaces were well tolerated 
by the body (Allen et al. 2001). Another study confirmed the 
biocompatibility of DLC coated Ti samples which stayed in the 
skeletal muscle of rabbits for up to 1 year (Mohanty et al. 2002). 
Furthermore, in vivo tests by implanting DLC-coated orthopedic 
pins and screws into guinea pig for 52 weeks (Mitura et al. 1994) 
and implanting DLC coated Zr in the tibiae of Wistar rats for 30 
days (Guglielmotti et al. 1999) have demonstrated the potential 
of DLC coating in implant applications. Consistent results have 
been reported in studies where DLC coated cylinders were 
implanted into both muscular tissue and femoral condyles of 
rats for intervals of 4 and 12 weeks (Uzumaki et al. 2006) and 
when ta-C coated Si wafers were implanted in subcutaneous 
tissue of SV129 mice for six months (LaVan et al. 2005). One 
report where DLC coated steel rods were implanted in a human 
body for 7 months to fixate a fractured bone demonstrated that 
these rods do not provoke inflammation and thus enabled the 
healing of a complicated bone fracture (Zolynski et al. 1996).  
DLC coatings have also been tested with in vitro bacterial 
adhesion studies. The results of interactions with Escherichia coli 
(Jones et al. 2006), Pseudomonas aeruginosa (Liu et al. 2008) and S.  
epidermidis (Katsigogianni et al. 2006) have been promising. In a 
comparative study of DLC and SS testing the adhesion of seven 
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bacterial strains, including six clinical isolates and one American 
type culture collection (ATCC) strain demonstrated that 
bacterial adhesion to DLC was similar to the adhesion to 
commonly used SS (Soininen et al. 2009). Furthermore Smith et 
al. (2006) evaluated soft tissue reactions and biofilm formation 
on percutaneous external SS pins coated with DLC and HA. The 
pins were inserted into the cortex of the right tibia of each 32 
skeletally mature Friesland ewes. They demonstrated that DLC 
coated pins have the potential to prevent biofilm formation and 
bacterial colonization (Smith et al. 2006). In addition, a total of 
26 DLC coated urethral stents were tested in vivo with no 
crystalline biofilm formation being observed (Laube et al. 2007).  
5.1.3 Hybrid materials 
The properties of DLC can be modified by incorporating other 
elements into the films to tailor them for specific applications. In 
the literature, many dopants have been used to maintain or 
improve cell adhesion or anti-bacterial performance of pure 
DLC in addition to enhancing its physicochemical properties 
(Fig. 9). In order to evaluate the influence of Si and F content, 
short term mouse fibroblasts (cell line 3T3) culture tests have 
been performed. The morphology of the cells on the surfaces 
was examined using a scanning electron microscope (SEM) and 
a good surface biocompatibility was seen by means of 
morphological behaviour and spreading, but no dependence 
could be seen on the Si or F content in the a-C:H films (Hauert et 
al. 1997). Addition of Ti into DLC films enhanced differentiation 
of osteoblast- and reduced osteoclast-like cell activity (Schroeder 
et al. 2000, Francz et al. 1999). This was demonstrated with bone 
marrow cells which were cultured for 14 days. Alkaline 
phosphatase activity was used as a marker for osteoblast 
differentiation and tartrate-resistant acid phosphatase activity 
was used as a marker for osteoclast activity. (Schroeder et al. 
2000, Francz et al. 1999) The cytocompatibility of DLC-Si 
surfaces was evaluated using MG-63 osteoblast-like cell cultures 
that were left to grow for 3 days and the proliferation was 
assessed by SEM. The results indicated good cell adhesion and 
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proliferation for both the DLC and the DLC-Si surfaces. 
(Bendavid et al. 2007) The addition of V to DLC films reduced 
lysosomal activity as well as prevented cell attachment, thus 
being a possible coating for short-term implants where reduced 
cell attachment is required (Francz et al. 1999). Okpalugo et al. 
(2006) demonstrated that the number of attached endothelial 
cells was highest on Si-DLC, followed by the N-DLC and 
undoped DLC. Fluorine corporated DLC films have also been 
claimed to have enhanced hemocompatibility properties.  An in 
vitro whole blood model confirmed the decreased adhesion of 
platelets to F-DLC coated materials and experiments with the in 
vivo rat implant model studies revealed no excessive local and 
systemic inflammatory responses in the F-DLC group. (Hasebe 
et al. 2006) In another study, the hemocompatibility of DLC film 
was investigated with N doping and the results indicated that 
the blood compatibility of DLC could be improved by the 
addition of an appropriate amount of N (Kwok et al. 2004). Also 
Ag (Kwok et al. 2007, Choi et al. 2008) and Si (Roy et al. 2009) 
doped DLC films have been demonstrated to have good blood 
compatibility properties. In an attempt to reduce bacterial 
adhesion to DLC films various “antibacterial dopants” such as 
Ag (Katsikogianni et al. 2006, Morrison et al. 2006, Kwok et al. 
2007), Pt (Morrison et al. 2006), Si (Shao et al. 2010, Liu et al. 
2008, Zhao et al. 2007a, Zhao et al. 2009), F (Ishihara et al. 2006), 
N (Liu et al. 2008, Zhao et al. 2009) and PTFE (Kinnari et al. 2007) 
have been tested. 
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Figure 9: Typically used doping elements or compounds with DLC. 
5.2 CARBON NITRIDE     
Not only DLC, but also carbon nitride (CN) is an excellent 
candidate as a coating material for biomedical applications. Its 
superb mechanical and tribological properties, chemical 
inertness and biocompatibility are similar to DLC, and thus one 
of the most promising applications of CN coatings is in surface 
modification of artificial hip joint replacements. (Cui & Li 2000) 
CN or actually beta carbon nitride (β-C3N4) was theoretically 
predicted by Liu and Cohen in the late 1980’s to have a bulk 
modulus comparable to or even greater than that of diamond 
(Liu & Cohen 1989). They theorized that C and N atoms could 
form a particularly short and strong bond in a stable crystal 
lattice in a ratio of 1:1.3 (Liu & Cohen 1989). Nowadays, it is 
agreed that CN films consist of amorphous CN matrix 
embedded with nanocrystalline structures of C3N4. Furthermore, 
the CN matrix can be described as a sp2-hybridized C network in 
which N atoms are incorporated either into aromatic rings or 
connected to these sp2 microdomains depending on the 
deposition conditions. (Cui et al. 2005) The abbreviation “CN” is 
widely used in the literature to describe all carbon nitride 
coatings with different stoichiometry. The incorporation of N 
atoms leads to a higher degree of sp3 bondings and enhances the 
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hardness as well as making the properties closer to ta-C (Cui et 
al. 2005). Depending on the deposition process of CN films, also 
the hydrogen content and not only the N content and sp3 / sp2 
fraction of C atoms may be varied influencing the 
biocompatibility and other properties of these films (Cui et al. 
2005).  
The material has been considered difficult to produce and 
could not be synthesized for many years. Even today, the 
fabrication of CN coatings represents a major challenge. CN 
films have been prepared by ion beam deposition (Boyd et al. 
1995), reactive magnetron sputtering (Lopez et al. 1997), dual 
ion beam sputtering (Baker & Hammer 1997), plasma enhanced 
chemical vapour deposition (Dawei et al. 1997), ion implantation 
(Gouzman et al. 1995) and pulsed laser deposition (Franco et al. 
2008). Even though there are many more reports of the 
mechanical and biocompatible properties of DLC there are also 
some papers which have verified the bio- and hemocompatible 
nature, (Du et al. 1998, Cui & Li 2000, Cui et al. 2005, Rodil et al. 
2003, 2005) or hardness and wear resistance (Quiros et al. 1999, 
Fujimoto & Ogata 1993) of CN films. Osteoblasts have been 
demonstrated to attach, spread and proliferate on CN films 
when this has been investigated by SEM (Du et al. 1998). 
Complementary cytocompatibility of CN film have been 
demonstrated with favourable proliferation of osteoblast-like 
cells (MC3T3-E1) (Tessier et al. 2003) and human alveolar bone 
derived cells (Olivares et al. 2004) to these films. In addition, the 
normal attachment and proliferation of endothelial cells (Cui et 
al. 2005, Li & Niu 2003), fibroblasts (Li et al. 2001, Li & Niu 2003) 
and macrophages (Li et al. 2001) have been verified and 
furthermore their hemocompatibility has been confirmed (Cui et 
al. 2005, Kwok et al. 2004).  
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6 Aims of the present study  
The interface phenomena occurring between human bone tissue 
and the surface of artificial implant material play an important 
role in implant survival and tissue response.  The surface 
properties of implant material such as surface chemistry, surface 
wettability, charge, roughness and texture will all affect the 
behaviour of the biological response, i.e. integration with the 
bone. However, it is well known that the major problem 
concerning the lifetime of these implants is their low degree of 
osseointegration at the implant–tissue interface. The general 
hypothesis of this thesis was that the novel carbon coating with 
optimal physicochemical properties would improve osteoblastic 
cell attachment and spreading as well as inhibiting biofilm 
formation. The specific aims of this thesis work were: 
  
1. to investigate the effect of surface microtexturing, designed 
using photolithographic techniques and carbon-based thin 
films on the contact guidance of osteoblast-like cells and 
behaviour of bacteria, 
2. to study the possibilities to modify the physicochemical 
properties of polymers and novel ceramics using injection 
molding and USPLD methods in order to enhance their 
suitability to implantable biomaterials, 
3. to understand the role of the surface free energy 
components, surface topography and zeta potential to the 
attachment, adhesion and proliferation of osteoblast-like 
cells, 
4. to examine the effect of surface properties (surface 
chemistry, surface free energy, zeta potential and 
topography) of novel carbon-based hybrid materials on the 
bacterial attachment and biofilm formation in comparison to 
typically used implant materials, and 
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5. to provide new knowledge for on-going biomaterial research 
to help in the development of new generation intelligent 
orthopedic implants which would be more bioactive than 
current implant materials. 
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7 Materials and methods  
This thesis consists of four studies, two (I and II) of which focus 
on the evaluation of techniques to produce novel implant 
coatings and to modify the surface properties of these materials 
in order to study the attachment, adhesion, proliferation and 
contact guidance of osteoblast-like cells, while two studies (III 
and IV) concentrate on the evaluation the bacterial attachment 
and biofilm formation of novel hybrid materials in comparison 
to typically used metallic implant materials. This thesis also 
includes some unpublished data related to surface roughness 
and zeta potential effects on osteoblast-like cells behaviour. The 
study design is summarized in Table 3.  
7.1 SAMPLE FABRICATION     
The tested samples were prepared upon Si wafers using 
ultraviolet (UV)-lithography (studies I and IV) and thin films 
were deposited using USPLD (study I and unpublished data I) 
or direct current (DC) sputtering and FPAD methods (studies 
III and IV). In study II, the polypropylene (PP) samples were 
fabricated using injection molding and USPLD methods. Matt 
and rough Si wafers (unpublished data II) were roughened 
with SiC papers and diamond pastes into two different 
roughness values.  
7.1.1 Ultraviolet lithography 
The UV-lithography or photolithography is a microfabrication 
technique widely employed to produce the desired patterns 
onto a material (Fig. 10).  
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Figure 10: Photolithographic patterning using negative-tone photoresist. A photomask 
with opaque regions in the desired pattern is used to expose the photoresist layer. The 
photoresist will become insoluble after UV light exposure, thus generating the desired 
pattern after developing in liquid chemicals.  
 
Firstly, patterns are designed using computer assisted design 
software and transferred onto a photomask, typically obtained 
using ion beam or laser machining of Cr layer on glass. After 
that, a viscous, liquid solution of photosensitive polymer, i.e. a 
photoresist is dispensed onto the substrate material, such as a Si 
wafer, and the wafer is spun rapidly to produce a uniformly 
thick layer of photoresist. The spin coating typically runs at 2000 
to 5000 rpm for 10 to 60 seconds, and produces a layer between 
1 and 2 µm thick. The resulting photoresist thickness, t, can also 
be estimated as a function of spinner rotational speed, solution 
concentration, and molecular weight (Madou 2002): 
 
                                            
.



KC
t 
                                            
(3) 
 
K is overall calibration constant, C is polymer concentration in 
g/100 ml solution, η is intrinsic viscosity and ω is spinner 
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rotational speed (rotations per minute, rpm). α, β and γ are 
exponential factors dependent on process. The photoresist 
coated wafer is then prebaked to drive off excess solvent, 
typically at 90 to 100 °C for 30 to 60 seconds on a hotplate. After 
prebaking, the photomask is placed on top of the photoresist 
coated wafer and UV light is used to illuminate the photoresist 
film through the photomask. In the case of a positive photoresist, 
it becomes soluble in the basic developer when exposed, 
whereas exposed negative photoresist becomes insoluble in the 
(organic) developer (Fig. 10). After developing, the resulting 
photoresist pattern can be used to pattern a metallization layer 
on the surface of the substrate in the case of thin film deposition, 
whereas in the etching step, it can be used to prevent the 
covered substrate from being removed. After the photoresist is 
no longer needed, it must be removed from the substrate, 
leaving the pattern design on the substrate. This usually 
requires sonication in an organic solvent, e.g. in acetone or 
photoresist may be removed by a plasma containing oxygen. 
The ability to project a clear image of a small feature onto the 
wafer is limited by the wavelength of the exposure tool that is 
used and the quality of mask. The shorter the wavelength of 
light used, the higher resolution, i.e. the smaller feature sizes are 
possible. Deep UV light with wavelengths of 248 and 193 nm 
allow minimum feature sizes down to 50 nm. (Madou 2002) The 
resists and parameters used in the studies I and IV have been 
summarized in Table 4.  
In study I, the size of each sample was 10 mm x 10 mm 
including the features on an 8 mm x 8 mm area. The size of 
features was 25 μm for square patterns and 175 μm for 
cruciform patterns (Fig. 13 in Results section) and the distance 
between features was 50 μm. Thin film coatings; AD, 
amorphous diamond-polydimethylsiloxane-hybrid (AD-PDMS-
h) and amorphous diamond-titanium-hybrid (AD-Ti-h) were in 
the features, while the background was Si. Samples for AFM, 
contact angle characterization and MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrasodium bromide) assay were fabricated 
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so that one sample included one coating (AD, AD-Ti-h or AD-
PDMS-h) in 10 mm x 10 mm areas without any features. 
 
Table 4: Summary of fabrication steps, used chemicals and parameters of ultraviolet 
lithography process. 
 
Study I IV 
Mask design CleWin layout editor, version 4.0.2a CleWin layout editor, version 
4.0.2a 
Mask 
fabrication 
laser scanning techniqueb on 4-inch 
glass plates with a structured Cr 
layer  
laser scanning techniqueb on 4-
inch glass plates with a 
structured Cr layer 
Substrate Si wafersc  Si wafersd 
Resist 
 
A negative photoresist : ma-N 
1420e 
A negative photoresist: SU-8 
2003f 
Preparation 
of substrate 
Clean Si wafers were baked for 20 
min on a hot plate at 200 °C to 
remove any moisture. To achieve a 
sufficient adhesion between wafer 
and the photoresist, 20% 
hexamethyldisilazaneg in xylene was 
spun at 3000 rpm for 30 s upon the 
dry wafer 
Clean Si wafers were baked for 
20 min on a hot plate at 200 °C 
to remove any moisture. To 
achieve a sufficient adhesion 
between wafer and the 
photoresist, 20% 
hexamethyldisilazaneg in xylene 
was spun at 3000 rpm for 30 s 
upon the dry wafer 
Spin coating 5000 rpm for 30 s 
 
500 rpm for 5 s and 3000 rpm 
for 30 s 
Prebaking 2 min on a hot plate at 100 °C 1 min on a hot plate at 65 °C and 
2 min on a hot plate at 95 °C 
Exposure 365 nm UV lighth for 35 s  365 nm UV lighth for 25 s 
Postbaking - 1 min on a hot plate at 65 °C and 
2 min on a hot plate at 95 °C 
Developing ma-D 533se for 2 min and rinsed 
several times with deionized water 
 
propylene glycol methyl ether 
acetatei for 1 min and cleaned in 
isopropanol and deionized water 
in an ultrasonic bath 
Hardbaking 30 min in oven at 100 °C 20 min in oven at 95 °C 
Film 
thickness  
approximately 2 µm approximately 5 µm 
Cr: chromium, Si: silicon, a WieWeb software, Hengelo, The Netherlands, b Mikcell Oy, Ii, 
Finland, c Okmetic Oyj, Vantaa, Finland, d Si-Mat, Landsberg am Lech, Germany, e Micro 
Resist Technology GmbH, Berlin, Germany, f MicroChem Corp., Newton, MA, USA, g 
HMDS, Riedel-de-Haen AG, Seelze, Germany, hKarl Suss MA45, Suss Microtec Inc., 
Waterbury Center, VT, USA, iPGMEA, Sigma-Aldrich Corp., St. Louis, MO, USA 
 
In study IV, the size of each sample was 10 mm x 10 mm, 
which was divided into four 4 mm x 4 mm areas. One of them 
was an unpatterned reference and three were patterned with 
spots of different diameters (5, 25, or 125 µm) (Fig. 14 in Results 
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section). Regardless of the diameter of the spots, they coated 
30.6% of the total sample surface area. Samples were fabricated 
with thin film (DLC, Ti, Ta and Cr) spots on Si background or Si 
spots on thin film background.  
7.1.2 Injection molding 
The creation of complex three dimensional shapes with 
traditional Si microfabrication techniques is extremely difficult 
whereas polymeric substrate materials permit the fabrication of 
these structures. In addition, the low cost and chemical 
availability of polymers are advantageous. Injection molding is 
a new method where the structural dimensions at the micro- 
and nano-scales can be simultaneously adjusted. In this 
technique, mould inserts with micro-, nano- or micro-nano dual 
structures are fabricated with the microsized working robot 
technique and electrochemical treatment of Al. After that, the 
molds are used to transfer the structures to plastic surfaces by 
injection molding. In study II, electropolished Al foils (0.25 mm 
thick, Puratronic, 99.997%, Alfa Aesar GmbH, Karlsruhe, 
Germany) were microstructured with a microsized working 
robot (RP-1AH) made by Mitsubishi Electric Corp. (Tokyo, 
Japan), having a feedback unit from Oy Delta Enterprise Ltd. 
(Espoo, Finland). Tungsten carbide based needles were made by 
Gritech Oy Ltd. (Joensuu, Finland). Nanopatternings on the Al 
foils were obtained using an anodization process. The injection 
molding of  polypropylene homopolymer (HD 120MO, Borealis 
Polymers Oy, Porvoo, Finland) sample disks (diameter 25 mm) 
was done with a DSM (Geleen, The Netherlands) Midi 2000 
extruder-microinjection molding machine. The extruder screw 
temperature was set at 255°C, the pressure of the injection 
piston was set at 4.5 bar, and the screw rotation speed was set at 
80 rpm. Mold temperature is a major parameter affecting the 
filling of micro- and nano-features in injection molding.  
Therefore 50 °C mold temperature for PP injection molding of 
nanofeatures was selected based on previous studies 
(Puukilainen et al. 2006, 2007).  
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In the present samples, the size of the structured area was 10 
mm x 10 mm as centered. Microstructured (MST) samples 
contained 20 µm high micropillars with diameter of 20 µm. The 
distance between pillars was also 20 µm. Micro- and nano-
structured (MNST) samples had the same microstructure as the 
MST samples but there was also nanostructuring all over the 
structured area. Structured PP surfaces were characterized with 
a Hitachi S4800 FE-SEM instrument (Hitachi High-Technologies 
Europe GmbH, Krefeld, Germany). Figure 15 in Results section 
shows the SEM images of the structured PP surfaces. A more 
detailed description of injection molding procedures has been 
reported elsewhere (Puukilainen et al. 2006, 2007, Koponen et al. 
2007, Miikkulainen et al. 2008).  
7.1.3 Physical vapour deposition 
Physical vapour deposition (PVD) is a general term used to 
describe any of a variety of methods to deposit thin films onto 
various surfaces. PVD reactors may use a solid, vapor or liquid 
raw material in a variety of source configurations. Examples of 
PVD methods include thermal evaporation, electron beam 
physical vapour deposition, cathodic arc deposition and 
sputtering. When one wishes to deposit complex compound 
materials, molecular beam epitaxy and laser ablation are very 
useful methods.  
In studies III and IV, the FPAD method was used to deposit 
DLC, DLC-PTFE-h and diamond-like carbon-polydimethyl-
siloxane-hybrid (DLC-PDMS-h) films on the Si wafers. This 
method utilizes high-energy carbon plasma beams with high 
deposition rates and the coatings prepared with FPAD are 
amorphous, ultra thick (up to 200 μm), high-quality (amount of 
sp3 diamond bonds > 80%) and well-adherent. When depositing 
DLC and its hybrid thin films, the plasma pulse was created by 
igniting a vacuum arc at the cathode where ignition plasma 
short circuits the cathode and anode leading to a discharge of 
the main capacitor banks.  The system was operated in pulses 
with a 1-7 Hz repetition frequency. An adhesion layer was 
produced by high energy plasma accelerated using a 5000-6000 
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V capacitor (C=16.0 μF) voltage. Plasma was steered towards the 
sample with a magnetic field generated by the arc discharge 
current in a 90° curved solenoid. The curved solenoid filters out 
neutral atoms and graphite particles emitted from the cathode. 
In order to produce DLC polymer hybrid coatings, a graphite 
cathode was used together with a PTFE tube (Irpola Oy, Lieto, 
Finland) or a polydimethylsiloxane (PDMS) tube (Irpola). After 
deposition of an extremely thin adhesion layer, the main portion 
of a 200 nm thick film was deposited with a low energy 
deposition unit run at 500 V average voltage for 15 min. A DC 
sputtering technique (Stiletto Serie ST20, AJA International Inc., 
North Scituate, MA, USA) was used to deposit thin films of Ta, 
Ti and Cr from high purity (99.6 % or better) target materials 
(Goodfellow Metals Ltd., Huntingdon, UK) onto a surface of Si 
wafers. Argon gas ions were created in plasma and accelerated 
onto a target material. A negative target potential up to 400 to 
500 V was applied to accelerate the positively charged ions to 
the target. The impacting ions remove material from the target 
and sputter deposit it on the substrate in its vicinity. The gas 
pressure was typically maintained in the range of 3-4 x 10-4 mbar 
providing ignition of the plasma. Deposition of a 200 nm thick 
layer took about 5 min.  
In studies I and II, the deposition of AD and AD-h coatings 
on Si wafers and C3N4-Si (silicon-doped carbon nitride) coatings 
on PP disc samples was carried out by using the USPLD 
technique. This method was also used to deposit ceramic 
coatings (C3N4, Al2O3, TiO2) on Si wafers (unpublished data I). 
Laser ablation deposition utilizes intense laser radiation to erode 
a target and deposit the eroded material onto a substrate. Ultra-
short pulsed laser deposition technique has several advantages 
for producing thin films, like high adhesion, smooth or 
nanostructured topography and the possibility to deposit films 
or particles on heat sensitive substrates like polymers. It is also a 
good technique for preparing thin films of any desired 
stoichiometry and producing single material films, composites 
or homogenous or graded composite films from different kinds 
of materials (polymers, metals or ceramics). (Myllymaa et al. 
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2009) The sample surfaces were gently cleaned using argon ion 
sputtering (SAM-7KV, Minsk, Belarus) just before deposition. 
For USPLD, a new type of mode-locked fiber laser (Corelase Oy, 
Tampere, Finland) and Coldab™ deposition technology 
developed by Picodeon Ltd. Oy (Helsinki, Finland) was used to 
achieve optimal laser parameters in USPLD (Amberla et al. 
2006). The maximum average power was 20 W at 4 MHz which 
results in a 5 μJ pulse energy and the pulse length was 20 ps. In 
study I, high purity graphite was used as the target for AD 
deposition and high purity Ti (99.9 %) (Koch-Light Laboratories 
Ltd, Colnbrook, UK) and commercial grade PDMS (Etra Oy, 
Helsinki, Finland) were utilized for AD-h coatings. PDMS or Ti 
content in the AD films was analyzed by energy dispersive X-
ray spectrometer (Röntec GmbH, Berlin, Germany) employing 
at 15 kV. The modified AD coatings contained about 55 at.% 
PDMS and 0.15 at.% Ti. In study II, a high purity sintered target 
of C3N4 and Si (10 wt %) was used for deposition. In every case, 
the deposition parameters were adjusted to obtain stable plasma 
in order to deposit about a 200 nm thick layer.  
After deposition, in studies I and IV, the samples were 
immersed in resist remover, mr-Rem 660, (Micro Resist 
Technology GmbH, Berlin, Germany) in an ultrasonic bath for a 
few minutes and the biomaterial coatings deposited on the top 
of the resist were lifted off with the dissolving resist, and the 
final microtextures were revealed. In studies I, III and IV and 
unpublished data I and II, Si wafers were cut into individual 
samples using an apparatus with a diamond knife. After cutting, 
the samples were sonicated for a few minutes in mr-Rem 660 to 
remove the resist and Si dust. In study II, samples were cut 
using a custom-made device with parallel SS blades.  Then the 
samples were sonicated in 7× detergent (OneMed Oy, Helsinki, 
Finland), and rinsed many times in deionized water. Finally, the 
samples were sonicated for a few minutes in ethanol, and rinsed 
many times in sterile water before sample characterization or 
cell seeding. In study III, before the bacteria culturing, samples 
were cleaned in 70 % ethanol for 45 minutes and rinsed with 
distilled water three times whereas in study IV, samples were 
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sterilized by cleaning with sterile wipes dipped in ethanol and 
rinsing with 70% ethanol and finally using gamma irradiation of 
28 kGy at the VTT Technical Research Centre of Finland.  
7.1.4 Roughening of silicon wafers 
Roughening with SiC papers and diamond pastes was used to 
form Si wafer test samples with two different roughness values 
compared to untreated one (Ra < 10 nm) (unpublished data II). 
Si wafers, p-type, 4”, <100> (Si-Mat, Landsberg am Lech, 
Germany), were roughened with diamond paste with a grade of 
3/5 microns and with a grade of 28/40 microns to achieve the 
samples with Ra ~ 100 nm (matt) and Ra ~ 1000 nm (rough), 
respectively. Subsequently, the samples were ultrasonically 
cleaned in acetone, ethanol and deionized water.  
7.2 SAMPLE CHARACTERIZATION     
Prior biological tests, surfaces of the biomaterial samples 
produced in this thesis were systematically characterized by 
optical microscope or SEM, measuring their contact angles (I-
III), estimating SFEs and their components (studies I-III) and 
determining the values of surface roughness (studies I-III and 
unpublished data II) and zeta potential (study III and 
unpublished data I). 
7.2.1 Microscopy 
In study I, SEM, JEOL JSM-840 (JEOL Ltd, Tokyo, Japan) with 
SemAfore 5.0 digitizer (Insinööritoimisto J. Rimppi Oy, Ojakkala, 
Finland), was utilized for examining the quality of 
photolithographically patterned AD surfaces. In study II, PP 
samples were studied by Hitachi S4800 FE-SEM, equipped with 
upper and lower (semi-in-lens) secondary electron detectors. An 
optical microscope, Zeiss Axioskop 2MAT (Carl Zeiss Inc., 
Thornwood, NY, USA), was used in this thesis in quality control 
monitoring and in characterization of produced samples 
(studies I, III and IV and unpublished data I and II). 
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7.2.2 Contact angle measurement and surface free energy 
calculations 
Contact angle measurements (studies I-III) were performed 
using the sessile drop (15 µl) method with a custom made 
apparatus based on an optical microscope SZ-PT (Olympus 
Corp., Tokyo, Japan) equipped with a digital camera, Olympus 
Camedia C-3030-ZOOM. Prior measurement, samples were 
cleaned by ultrasonication in ethanol and deionized water and 
then dried. To assess the total SFE and its polar/dispersive 
component, contact angles for two liquids, i.e. for water (polar) 
and diiodomethane (non-polar) (studies II and III) or even for 
three liquids (water, diiodomethane, glycerol) (study I) were 
measured within 5 s after placement of the drop at 22 °C and 
45% relative humidity on a surface. The spreading pressure was 
not taken into account. The drop image was stored in a digital 
camera (Olympus Camedia C-3030-ZOOM), and Gnu Image 
Manipulation Program (GIMP, www.gimp.org) was used to 
determine the contact angle from the shape geometry of the 
drop.  
In study III, contact angles of samples were also determined 
after incubating them in fetal calf serum (FCS, Perbio Science 
N.V., Erembodegem, Belgium) for 15 minutes at +37 °C and 
washed 3 x 5 minutes in 11 mM phosphate buffered, 140 mM 
saline (PBS, pH 7.4).  
Two theoretical models for SFE calculations were utilized. 
The Owens-Wendt (OW) approach (Owens & Wendt 1969) was 
used in the studies II and III, whereas both OW and van Oss 
(VO) (van Oss et al. 1988) models were exploited in study I. 
These models are presented in respective studies I-III.    
7.2.3 Surface roughness determinations 
In studies I-III, the characterization of atomic level surface 
topography was performed using a PSIA XE-100 (Park Systems 
Corp., Suwon, Korea) AFM at ambient temperature and 
humidity. Aluminium coated Si cantilevers (Acta-10, ST 
Instruments B.V., LE Groot-Ammers, The Netherlands) were 
used in a non-contact mode (Fig. 11) to scan the surface across 
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an area of 2 x 2 µm with a scanning rate of 0.25 Hz. The 
parameters of Ra (studies I-III) and peak-to-valley roughness 
(Rpv) (study II) were determined from randomly taken AFM 
images using the instrument analysis software (XIA). Surface 
roughness of the roughened test samples (unpublished data II), 
was determined by using a Mitutoyo SJ-301 (Mitutoyo Corp., 
Kanagawa, Japan) profilometer.  Measurement area, measuring 
speed and stylus tip radius of 0.75 mm x 3 mm, 0.25 mm/s and 2 
µm, respectively, were used to determine the Ra values with 
Mitutoyo instrument.  
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Figure 11: The schematic drawing of the atomic force microscopic surface roughness 
determinations. A cantilever with a sharp tip is used to scan the sample surface. In the 
non-contact mode, the tip is brought into proximity of a sample surface, and forces 
between the tip and the sample lead to the response oscillation which is measured using 
a diode laser spot reflected from the top surface of the cantilever into a quartered 
photodetector. 
7.2.4 Zeta potential measurements 
Zeta potential measurements were performed in order to 
estimate the existing interface charges of biomaterials in a liquid 
(study III and unpublished data I). An electrokinetic analyzer 
(SurPASS, Anton Paar GmbH, Graz, Austria) based on the 
streaming current measurement principle was used to evaluate 
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the electrical potential at the shear plane in the electric double 
layer, i.e. zeta-potential. In each measurement using an 
adjustable gap cell, two identical test samples, i.e. pieces of Si 
wafer coated with biocompatible thin film were fixed on the 
sample holders with a cross-section of 20 mm x 10 mm using 
double-sided adhesive tape. A gap of approximately 100 μm 
was adjusted between the surfaces of the samples during the 
measurement. An electrolyte was circulated through the 
adjustable gap cell and forced under pressure to flow through a 
narrow gap.  The pressure difference was continuously 
increased and the resulting streaming current was measured 
(Fig. 12). Two Ag-AgCl electrodes placed at both ends of the gap 
channels were used to record the comparative movement of 
charges in the electrochemical double layer. The measurements 
were performed using 0.001 M potassium chloride as an 
electrolyte solution at a fixed pH of 7.4 ± 0.5.  
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Figure 12: The principle of streaming current (I) measurement. An electrolyte (1 mM 
potassium chloride) is forced under constantly changing pressure (Δp) to flow through 
a narrow gap (ca 100 µm) formed by the surfaces of two identical biomaterial samples. 
The electrolyte flow causes a comparative movement of charges in the electrochemical 
double layer which could be detected by two Ag-AgCl electrodes placed at both ends of 
the streaming channel. 
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The zeta potential ( ) was obtained from streaming current 
measurements according to the Helmholtz-Smoluchowski 
equation (Lyklema 1995): 
 
   
.
0 A
L
dp
dI


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

                                   (4)
  
dI/dp is the slope of the streaming current versus pressure,   is 
the electrolyte viscosity, 0 is the vacuum permittivity,   is the 
dielectric constant of the electrolyte and L and A are the length 
and the cross-section of the streaming channel, respectively.  
7.3 SAOS-2 CELLS IN CULTURE 
Saos-2 is a non-transformed cell line which possesses several 
osteoblastic features and thus is useful as a permanent line of 
human osteoblast-like cells (Rodan et al. 1987). Saos-2 cells were 
cultured in Dulbecco’s Modified Eagle’s medium (EuroClone 
S.p.A., Pero, Italy) containing 10% FCS (PAA Laboratories 
GmbH, Linz, Austria), 2 mM L-glutamine (Sigma-Aldrich Corp., 
St. Louis, MO, USA), 200 IU/ml of penicillin (EuroClone), 200 
µg/ml of streptomycin (EuroClone), 2.5 µg/ml of fungizone 
(Sigma-Aldrich) and 50 µg/ml of ascorbic acid (Sigma-Aldrich). 
The cells were seeded on top of various Si wafer or PP samples 
by adding a medium which contained 1.0 × 105 cells/ml to each 
sample cultured in separate cell culture plates (Greiner Bio-One 
GmbH, Frickenhausen, Germany). The cells were cultured on 
the samples for 48 hours (study II and unpublished data I and 
II) and for 24 or 48 hours (study I) at 37 °C and in a 5% CO2 
atmosphere. After the incubations, the specimens were collected 
for further analyses.  
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7.4 MICROSCOPIC TECHNIQUES FOR CELL STUDIES 
In studies I and II, SEM was used for qualitative analysis of 
cultured Saos-2 cells.  In study I, also the confocal laser scanning 
microscopy (CLSM) was utilized.  
7.4.1 Scanning electron microscopy 
In study II, Saos-2 cells were cultivated for 48 h, and after that, 
the cells were fixed with 2.5% w/v glutaraldehyde (Sigma-
Aldrich) in sodium cacodylate buffer (pH 7.4), and dehydrated 
in an ethanol gradient and hexamethyldisilazane (Sigma-
Aldrich). The specimens were coated with gold by sputtering 
(Sputter Coater E 5100, Polaron Equipment Ltd., Hertfordshire, 
UK), and examined with a environmental scanning electron 
microscope (Philips XL30 ESEM TMP , FEI Company, Eindhofen, 
The Netherlands) at an accelerating voltage of 15–20 kV. In 
study I, also 24 h cultivation timepoint was used and another 
SEM, JEOL JSM-840 (Tokyo, Japan) with SemAfore 5.0 digitizer 
(Insinööritoimisto J. Rimppi) was utilized.  
7.4.2 Confocal laser scanning microscopy 
After 24 or 48 hour cultivation periods, the specimens were 
stained with fluorochrome-labeled probes to reveal cytoskeletal 
(actin) and focal adhesion (vinculin) proteins. Fluorochromes 
contain fluorophores which are the molecules with fluorescent 
properties and will absorb energy of a specific wavelength and 
re-emit energy at a different (but equally specific) wavelength. 
The use of direct labeling with fluorochromes decreases the 
number of steps in the staining procedure and generally avoids 
cross-reactivity and high background problems. After 
cultivation, the specimens were removed from the multi-well 
plates, and the cells were washed with phosphate buffered 
saline (PBS)/Hank's buffered salt solution for 2 min before fixing 
for 20 min with a 2% w/v paraformaldehyde solution. The cells 
were permeabilized by exposure to a 0.3% Triton X-100 (Sigma-
Aldrich) solution for 30 min in 3% bovine serum albumin. To 
visualize the actin filaments, the cells were incubated with 
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Bodiby FL Phalloidin (594 nm, Molecular Probes Inc., Eugene, 
OR, USA) for 30 min. After washing, the cells were incubated 
for 2 h at room temperature with primary murine monoclonal 
antibody against vinculin (1:1000 dilution, Sigma-Aldrich), 
followed by PBS washings. Finally, the fluorescein labelled 
secondary anti-mouse antibody was added (1:1000 dilution, 
Vector Laboratories, Burlingame, CA, USA) for 1 h at room 
temperature followed by PBS washings. Double-stained cells 
were viewed in a CLSM system consisting of Nikon Eclipse 
TE300 (Nikon Corp., Tokyo, Japan) and PerkinElmer UltraVIEW 
(PerkinElmer, Fremont, CA, USA) with appropriate filter sets.  
7.5 CELL PROLIFERATION – MTT ANALYSIS  
The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrasodium 
bromide) based cell proliferation assay is used as a colorimetric 
method to assess the numbers of viable cells.  This assay is 
based on the cellular reduction of the yellow insoluble MTT salt 
to formazan, a blue precipitate, which happens only in actively 
functioning mitochondria with the reaction being catalyzed by 
the dehydrogenase enzymes.  
At the end of the culture period, i.e. 24 hours (study I) or 48 
hours (studies I and II and unpublished data I and II), the 
medium was changed to fresh medium, and 0.5 mg/ml of MTT 
(Sigma-Aldrich) was added. The following incubation lasted 2 h, 
after which the medium was removed and the wells were 
washed with PBS. Then, formazan salts were dissolved with 
with 1000 µl of dimethylsulphoxide/ethanol (1:1), and the 
absorbances were measured at 595 nm with an ELISA reader 
(Molecular Devices, Inc., Sunnyvale, CA, USA). The numbers of 
living cells were determined using a standard curve normalized 
to the number of osteoblast-like cells.  Experiments were 
performed twice with six sample of each material group. 
7 – Materials and methods 
99 
 
7.6 STAPHYLOCOCCAL CULTURES  
Before bacteria culturing, biomaterial samples were 
preincubated in FCS (Perbio Science N.V.) for 15 minutes at 
+37 °C and after that, the materials were washed three times in 
11 mM phosphate buffered, 140 mM saline, pH 7.4 for 5 min. 
Biomaterials were precoated with serum proteins to produce a 
biomaterial adhesion environment which resembles the 
environment in the human body. In study IV, the patterned 
samples of four different biomaterials (DLC, Ti, Ta and Cr) were 
manually fixed on the array plate with nail varnish.  
In study III, a biofilm producing coagulase-negative strain, S. 
epidermidis ATCC 35984, was cultured in blood-agar plates. First, 
twenty CFUs  were suspended into 10 ml Tryptic Soy Broth 
(TSB, Bacto Tryptic Soy Broth, Becton & Dickinson and 
Company, Sparks, NJ, USA) and cultured for 24 hours at +37°C. 
Refreshing the bacterial suspension was done by diluting 1 ml of 
the bacterial suspension with 9 ml of TSB, followed by a culture 
for 18 hours. McFarland standard (Chapin & Lauerdale 2007) 
was utilized when bacteria were suspended and diluted into 
TSB to 5 x 108 CFUs per ml and controlled by dilution plating on 
blood agar (Trypticase soy agar, BBL 211047, and Mueller 
Hinton agar, BBL 212257, Beckton & Dickincon and Company) 
supplemented with 5% horse blood. After, the bacterial 
suspension was pipetted on the biomaterial array plates, the 
incubation time was selected for 16 hours (at +37°C) based on 
the previous pilot experiments, to allow biofilm formation, 
followed by three washes in 0.9% sodium chloride (NaCl). 
Experiments were repeated three times and all samples were 
run as duplicates.  
In study IV, coagulase-positive strain, S. aureus S-15981, 
kindly supplied by Dr. Lasa (Valle et al. 2003) was cultured in 
blood-agar plates for 24 hours at +37°C. Before culturing, twenty 
CFUs were suspended into 10 mL TSB (Becton & Dickinson and 
Company). The bacterial suspension was refreshed for the 
experiments by diluting 1 mL of the bacterial suspension with 9 
mL of TSB and culturing for 18 hours. After that, bacteria were 
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suspended and diluted into PBS before the concentration was 
adjusted to 5 × 108 CFUs per ml utilizing McFarland standard 
(Chapin & Lauerdale 2007) and controlled by dilution plating on 
blood agar (Trypticase soy agar BBL 211047 and Mueller Hinton 
agar BBL 212257 supplemented with 5% horse blood). After 
pipetting the bacterial suspension on the biomaterial array 
plates, incubation was carried out at +37 °C for 90 min to allow 
adhesion of bacteria, followed by three washes in distilled water. 
All the samples were run in triplicate.  
7.6.1 Acridine Orange staining 
Acridine Orange 3R (Chroma-Gesellschaft Schmid GmbH & Co., 
Münster, Germany) is a nucleic acid selective fluorescent 
cationic dye, which penetrates the cell or bacterial membrane 
and binds to deoxyribonucleic acid (DNA) and ribonucleic acid 
(RNA) electrostatically through intercalating and therefore is 
useful for cell cycle determination (study IV). Patterned sample 
chips as such or on array plates containing adherent S. aureus 
cells were incubated for 2 min in 1:10,000 (w/v) Acridine Orange 
3R stain in 0.2 M acetate buffer, pH 3.8. Acridine Orange 
staining solution was stored in the dark at room temperature.  
7.6.2 Calcofluor White staining 
In study III, the stain used was Calcofluor White.  Calcofluor 
White is a fluorescent dye that binds to glycans and can be used 
to detect the component of biofilm, extracellular polysaccharide, 
in many bacteria. Fluka 18909 Calcofluor White stain (Sigma-
Aldrich) was pipetted for two minutes on the sample chips 
containing biofilms produced by S. epidermidis. The biofilms on 
the surface of the biomaterial samples were washed with 0.9 % 
NaCl 3 x 5 minutes after Calcofluor White staining.  
7.6.3 Epifluorescence microscopy  
In study III, Calcofluor White stained biofilms were visualized 
under epifluorescence microscope (Olympus AX70) using 
Olympus U-MWU2 DAPI-filter (excitation: 330-385 nm; 
emission: 420 nm; dichroic: 400 nm) and photographed using an 
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Olympus digital camera coupled to analysis software program 
(Soft Imaging System GmbH, Münster, Germany). In study IV, 
Acridine Orange 3R stained bacteria were visualized in the same 
microscope as used in study III with Olympus U-MWIB3 FITC 
filters (excitation: 460-495 nm; emission 510 nm; dichroic: 505 
nm) and photographed using PCO Sensicam (PCO AG, Kelheim, 
Germany) digital camera attached to a computer. 
7.6.4 Quantification of bacterial adhesion  
In both studies III and IV, Adobe Photoshop CS2 (Adobe 
Systems Inc., San Jose, CA, USA) was used for quantification of 
bacterial adhesion.  In study III, all 19 images were analyzed 
with the help of a mask layer that revealed 25 identical 
rectangular areas of each image. If less than 50 % of the area of 
interest was covered by biofilm, its value was set to 0, but if 
more than 50% was covered, it was set to 1. Finally, the sum of 
these values (mean ± standard deviation of the mean, SD) was 
calculated as the measure of the biofilm covered area. Also in 
study IV, the mask layer of four circles of approximately 91µm 
diameter that showed the image below was used. After that, 
these images were processed so that the background was set as 
the black point in each image. Finally, individual images were 
opened in ImageJ 1.37c (National Institute of Health, Bethesda, 
MD, USA), and the area covered by the bacteria in each image 
was calculated using the nucleus-counter function of the WCIF 
plug-in. (Abramoff et al. 2004) 
7.7 STATISTICAL ANALYSES  
The results of the test quantities are reported as mean and 
standard deviation or standard error of the mean. Results from 
tests (surface roughness, contact angle, SFE, MTT assay and 
biofilm quantification) were considered to be independent and 
thus, one-way ANOVA (SPSS software, versions 14.0 and 16.0, 
SPSS Inc., Chicago, IL., USA) variance analysis followed by 
Tukey Post-Hoc Tests were applied to determine the statistical 
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significance of the differences observed between groups. A p-
value less than 0.05 was considered as statistically significant.  
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8 Results  
The main results of this thesis are summarized in Table 5 and 
presented in more detail in the following chapters.  
 
Table 5: Summary of the main results of the studies of this thesis. 
 
Study  Conclusions 
I: Interactions between Saos-2 cells 
and microtextured AD or AD hybrid 
coated surfaces with different 
wettability properties 
- AD and its Ti and PDMS hybrids are noteworthy 
coating material candidates with respect to 
their interactions with osteoblast-like cells.  
- The Lewis acid-base (
AB
S ) polar component 
calculated by the van Oss method correlates 
best with Saos-2 cells adhesion 
- Microtexturing together with osteocompatible 
surface coating is effective method to enhance 
contact guidance of Saos-2 cells  
II: Improved adherence and 
spreading of Saos-2 cells on PP 
surfaces achieved by surface 
texturing and  C3N4-Si coating 
- Combining surface micro- and nanotexturing 
and deposition of C3N4-Si coating upon PP 
surfaces remarkably improves adhesion, 
spreading and contact guidance of Saos-2 cells 
III: Resistance of DLC and its 
hydrids to S. epidermidis biofilm 
formation compared to metals used 
in biomaterials 
- DLC-PTFE-h and DLC are superior in their 
ability to resist adhesion and colonization by S. 
epidermidis compared to DLC-PDMS-h, Ti, Ta 
and Cr 
IV: Patterned macroarray plates in 
comparison of bacterial adhesion 
inhibition of Ta, Ti and Cr compared 
with DLC 
- Micropatterned surfaces are useful for 
quantitative comparison of bacterial adherence 
on different biomaterials and textures 
- DLC is superior in its ability to resist adhesion 
and colonization by S. aureus compared to Ti, 
Ta and Cr 
Unpublished data I: The effect of 
zeta potential of ceramic materials 
on Saos-2 cells adhesion 
- Ceramics (TiO2, C3N4, Al2O3) with the negative 
zeta potential values in a same range evokes 
the same proliferation rates of osteoblast-like 
cells 
Unpublished data II: The effect of 
surface roughness of silicon samples 
on Saos-2 cells adhesion 
- Silicon samples with greater surface roughness 
evokes the higher Saos-2 adhesion 
AD: amorphous diamond, Ti: titanium, PDMS: polydimethylsiloxane,                                   
PP: polypropylene, C3N4-Si: silicon-doped carbon nitride, DLC: diamond-like carbon,                             
PTFE: polytetrafluoroethylene, Ta: tantalum, Cr: chromium, Al2O3: alumina,                        
TiO2: titanium dioxide 
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8.1 TEXTURES AND COATINGS 
Textures for samples used in studies I (Fig. 13) and IV (Fig. 14) 
were fabricated using UV-lithography. The textures were 
definite and the sizes of the patterns were similar to the mask 
counterparts. Figure 15 represents the PP samples used in study 
II, textured using injection molding. The adhesion of coatings 
deposited upon the all tested samples was good without any 
signs of delamination. The quality of samples before and after 
all characterizations was made with SEM (studies I and II), 
AFM (studies I-III) and optical microscope (studies I, III and IV 
and unpublished data I and II). Samples demonstrated to be 
homogenous and remained the same after all treatments and 
tests. The only exception was the nano-scale structuring (Fig. 
15b), which was partly destroyed in some samples because of 
ion beam cleaning before deposition of C3N4-Si coating (see 
study II, Fig. 2). 
 
 
 
Figure 13: A tilted SEM image of ultraviolet-lithographically patterned test samples of 
study I. The background is silicon and the features are amorphous diamond, coated 
using ultra-short pulsed laser deposition method. Osteoblast-like cells were cultured 
upon these samples for 24 or 48 hours. Scalebar is 50 µm. 
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Figure 14: The schematic representation of ultraviolet-lithographically patterned test 
samples of study IV. The samples were fabricated on 2 inches silicon wafers (a), 
facilitating the creation of nine 10 mm x 10 mm sample pieces. Each sample consists of 
four 4 mm x 4 mm areas (b,c), in which one contains spots of diameter of 5 µm (d), 
another contains spots of diameter of 25 µm (e) and third contains spots of diameter of 
125 µm. One area was plain surface. In half of the samples, silicon was background 
and the features were coated with Ti, Ta, Cr or DLC and on another half of the samples 
silicon was used to create the features and the coating was the background. In every 
case, spots accounted for 30.6% and background for 69.4% of the total sample area. S. 
aureus incubation was done with these samples for 90 min to test adhesion of bacteria. 
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Figure 15: SEM images of injection molded polypropylene samples used in study II 
with micropillars with diameter, spacing and height of 20 µm (a). Micro- and nano-
structured samples contain a nanostructure on top of the micropillar, the sides of the 
pillars as well as the plateau between the pillars (b). Osteoblast-like cells were cultured 
upon these samples for 48 hours.  
8.2 SURFACE ROUGHNESS OF TESTED SAMPLES 
Table 6 shows Ra values of tested samples (studies I-III and 
unpublished data II). In study II, only smooth and MNST 
samples before and after deposition were characterized for Ra 
values. The values obtained for smooth surfaces demonstrated 
that the C3N4-Si coating does not change the roughness 
properties of PP samples. Ra values for MNST surfaces were 
significantly higher than for smooth surfaces demonstrating the 
existence of nanostructure. However, the Ra values of coated 
and uncoated MNST surfaces differed from each other (p < 0.01) 
probably due to the partly destroyed nanostructure during 
cleaning process. Surface roughness values of the samples used 
in study IV are not presented in the Table 6, because 
measurements were conducted randomly in only a few samples. 
However, also these measurements demonstrated that surfaces 
were quite smooth, Ra below 10 nm. The roughening of factory-
polished Si wafers (Fig. 16a) into the matt (Fig. 16b) and rough 
(Fig. 16c) surfaces was successfully performed (unpublished 
data II). The surface roughness correlated with Saos-2 adhesion 
as will be described in Chapter 8.5.  
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Table 6: Averaged surface roughness values (Ra) of tested materials determined using 
profilometer or atomic force microscope. 
 
Study  Material Ra (nm) 
I AD 0.2±0.1 
I AD-Ti-h 0.2±0.1 
I AD-PDMS-h 0.2±0.1 
I Si 0.2±0.1 
II PP (smooth) 4.0±1.4
*
 
II C3N4-Si coated PP (smooth) 4.0±1.2
*
 
II PP (MNST) 16.0±7.7
**
 
II C3N4-Si coated PP (MNST) 7.1±5.1
*
 
III DLC  0.6±0.1
§
 
III DLC-PTFE-h  2.0±0.1
#
 
III DLC-PDMS-h  1.2±0.1
§,#
 
III Ti  1.8±0.2
§,#
 
III Ta  1.5±0.3
§,#
 
III Cr  0.8±0.1
§
 
Unpubl. II Si smooth < 10  
Unpubl. II Si matt 100±10.0 
Unpubl. II Si rough 1000±100.0 
AD: amorphous diamond, Ti: titanium, PDMS: polydimethylsiloxane, Si: silicon, PP: 
polypropylene, C3N4-Si: silicon-doped carbon nitride, MNST: micro-and nano-
structured, DLC: diamond-like carbon, PTFE: polytetrafluoroethylene, Ta: tantalum, 
Cr: chromium 
* p < 0.01, as compared to MNST uncoated sample group 
**p < 0.01, as compared to all sample group 
§ p < 0.05, as compared to DLC-PTFE 
# p < 0.05, as compared to DLC 
The values are mean ± SD. Statistical analysis performed with one-way ANOVA 
was carried out between the materials tested in separate studies.  
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Figure 16: Optical microscope images of smooth (a), matt (b) and rough (c) silicon 
surfaces used to investigate the effect of surface roughness on attachment of Saos-2 
cells. Scalebar is 500 µm. 
8.3 WETTABILITY PROPERTIES 
Contact angles of tested materials used in studies I-III are 
presented in Table 7. SFE components calculated with two 
theoretical models; van Oss (van Oss et al. 1988) and Owens-
Wendt (Owens & Wendt 1969) are for one showed in Tables 8 
and 9. The OW calculations were utilized to obtain the 
dispersive DS  and polar 
P
S  component of SFE, and the VO 
approach defined the Lifshitz–van der Waals (apolar) LWS  and 
the Lewis acid-base (polar) ABS  
components, the latter being 
divided into two parts, electron-acceptor ( S ) and electron-
donor ( S ) components. 
In study I, AD coatings were modified by PDMS and Ti 
dopants to modify the wettability properties. It was 
hypothesized that the smaller the contact angle and higher the 
SFE of the coating, the better would be the attachment and 
proliferation of Saos-2 cells. As will be described in Chapter 8.5, 
it is these properties that affect the cell behaviour and it was 
found that the Lewis acid-base polar component ( ABS ) 
calculated by the VO method correlated best with Saos-2 
adhesion. In study II, highly hydrophobic PP surfaces were 
coated with C3N4-Si films to make the surface more hydrophilic. 
It was possible to reduce the contact angles of PP surfaces 
drastically and also in this study it was seen the clear correlation 
between the adhesion and spreading of osteoblast-like cells and 
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the wettability properties of the surface. In study III, the biofilm 
resistance could not be explained by the wettability properties 
of surface but it was noted that serum protein pre-treatment 
caused a significant (p < 0.001) drop in water contact angles of 
all studied materials, being greatest (38%) for DLC-PTFE-h.  
 
Table 7: Contact angles, θ (°) for the surfaces of different test materials.  
 
Study Materials θ
water
 θ
diiodomethe
 θ
glycerol
 
I AD 72.4±2.4
*
 40.6±2.1
*
 66.5±2.5
*
 
I AD-Ti-h 81.9±2.4
*
 44.7±2.5
*
 71.7±3.4
*
 
I AD-PDMS-h 100.0±4.1
*
 64.1±3.2
*
 94.0±1.7
*
 
I Si 32.0±1.2
*
 35.9±1.1
*
 28.7±1.9
*
 
II Smooth PP 97.1±1.7
*
 54.7±1.1
*
 - 
II Smooth PP, coated 63.0±1.5
*
 39.6±2.4
*
 - 
II MST PP 136.1±1.9
*
 64.3±1.3
*
 - 
II MST PP, coated 69.1±0.9
*
 44.3±1.5
*
 - 
II MNST PP 146.2±1.6
*
 72.5±1.6
*
 - 
II MNST PP, coated 53.5±1.4
*
 30.6±1.4
*
 - 
III DLC 67.4±2.0
**
 
(55.7±3.2)
a,**
 
36.1±1.0
**
 - 
III DLC-PTFE-h 106.0±1.1
#
 
(65.9±5.1)
a,#
 
71.4±1.1
#
 - 
III DLC-PDMS-h 101.7±1.2
**,#
 
(81.1±2.1)
a,**,#
 
68.5±1.1
**,#
 - 
III Ti 67.6±2.0
**
 
(48.6±3.0)
a,**,#
 
35.4±1.2
**
 - 
III Ta 64.1±1.6
**,#
 
(53.9±3.8)
a,**
 
33.4±1.4
**,#
 - 
III Cr 71.2±1.1
**,# 
 
(48.0±4.0)
a,**,#
 
37.7±1.5
**
 - 
AD: amorphous diamond, Ti: titanium, PDMS: polydimethylsiloxane, Si: silicon, PP: 
polypropylene, MST: microstructured, MNST: micro- and nano-structured, DLC: 
diamond-like carbon, PTFE: polytetrafluoroethylene, Ta: tantalum, Cr: chromium. 
a 
after serum incubation 
*p< 0.05, as compared to all other 
**p < 0.05, as compared to DLC-PTFE-h 
# p < 0.05, as compared to DLC 
The values are mean ± SD. Statistical analysis performed with one-way ANOVA 
was carried out between the materials tested in separate studies. 
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Table 8: Total surface free energy ( S ) and its dispersive (
D
S ) and polar (
P
S ) or 
Lifshitz-van der Waals (
LW
S ) and Lewis acid-base (
AB
S ) components of tested 
samples expressed by mJ/m2 (study I). Electron-acceptor (

S ) and electron-donor 
( S ) components are calculated by dividing 
AB
S into two parts.  
  
 
 OW model VO model 
Material 
S  
D
S  
P
S  S  
LW
S  
AB
S  

S  

S  
AD 45.8 
±1.6
*
 
39.3  
±1.0
*
 
6.5    
±0.9
*
 
40.8 
±1.2
*
 
39.3 
±1.0
*
 
1.5 
±1.3 
0.1 
±0.1 
11.8 
±3.5 
AD-Ti-h 40.5 
±1.6
*
 
37.1 
±1.3
*
 
3.4 
±0.6
*
 
38.2 
±1.5
*
 
37.1 
±1.3
*
 
1.1 
±1.1 
0.2 
±0.2 
5.7  
±2.2
#
 
AD-    
PDMS-h 
27.1 
±1.7
*
 
26.2 
±1.9
*
 
0.9 
±0.7
*
 
26.2 
±1.9
*
 
26.2 
±1.9
*
 
0.0 
±0.0
#
 
0.0 
±0.0 
3.2 
±2.5
#
 
Si 68.7 
±0.6
*
 
41.6 
±0.5
*
 
27.1 
±0.8
*
 
58.4 
±0.9
*
 
41.6 
±0.5
*
 
16.8 
±0.7
*
 
2.0 
±0.2
*
 
35.4 
±1.7
*
 
OW: Owens-Wedth, VO: van Oss, AD: amorphous diamond, Ti: titanium, PDMS: 
polydimethylsiloxane, Si: silicon 
*p < 0.01, as compared to all other 
# p < 0.01, as compared to AD 
Values are mean ± SD. One-way ANOVA was used to determine the statistical 
differences. 
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Table 9: Total surface free energy ( S ) and its dispersive (
D
S ) and polar (
P
S ) 
components of tested samples expressed by mJ/m2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OW: Owens-Wendt, PP: polypropylene, MST: microstructured, MNST: micro- and 
nano-structured, DLC: diamond-like carbon, PTFE: polytetrafluoroethylene, PDMS: 
polydimethylsiloxane Ti: titanium, Ta: tantalum, Cr: chromium 
*p < 0.01, as compared to all other 
# p < 0.01, as compared to coated surfaces 
§ p < 0.05, as compared to DLC-PTFE 
** p < 0.05, as compared to DLC 
Values are given as mean ± SD. Statistical analysis performed with one-way 
ANOVA was carried out between the materials tested in separate studies. 
8.4 ZETA POTENTIAL VALUES 
In study III, sample surfaces were also characterized for surface 
zeta potential to determine whether it has any effects on biofilm 
formation. Zeta potentials at pH 7.4 for all biomaterials were 
negative as seen in Fig. 17. Figure 17 also represents 
unpublished results I of the zeta potentials of three ceramic 
materials; Al2O3, titanium dioxide (TiO2) and C3N4. It can be seen 
that the zeta potential values of these materials were all negative 
OW model 
Study Material 
S  
D
S  
P
S  
II Smooth PP 32.3 ±0.7
*
 31.6 ±0.6
*
 0.6 ±0.2
#
 
II Smooth PP, coated 50.6 ±1.2
*
 39.8 ±1.2
*
 10.8 ±0.8
*
 
II MST PP 26.1 ±0.8
*
 26.1 ±0.8
*
 0.0 ±0.0
#
 
II MST PP, coated 45.9 ±0.9
*
 37.4 ±0.8
*
 8.5 ±0.3
*
 
II MNST PP 21.5 ±0.9
*
 21.5 ±0.9
*
 0.0 ±0.0
#
 
II MNST PP, coated 58.3 ±0.8
*
 44.0 ±0.6
*
 14.3 ±0.8
*
 
III DLC 49.6 ±1.2
§
 41.5 ±0.5
§
 8.1 ±0.8
§
 
III DLC-PTFE-h 24.5 ±0.5
**
 23.7 ±0.6
**
 0.8 ±0.2
**
 
III DLC-PDMS-h 22.5 ±0.6
§,**
 22.1 ±0.6
§,**
 0.4 ±0.1
**
 
III Ti 49.7 ±1.1
§
 41.8 ±0.5
§
 7.9 ±0.9
§
 
III Ta 52.1 ±1.1
§,**
 42.8 ±0.6
§,**
 9.3 ±0.6
§
 
III Cr 47.3 ±0.7
§,**
 40.8 ±0.7
§
 6.6 ±0.5
§,**
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and in the same range as the adhesion of osteoblast-like cells 
upon these ceramics (Chapter 8.5).  
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Figure 17: Zeta potentials of DLC, DLC-PTFE-h, DLC-PDMS-h, Ti, Ta and Cr 
measured at pH 7.4. Highly negative zeta potential of DLC might explain its good 
biofilm formation resistance (Study III). This figure also shows the zeta potentials of 
three ceramic material: Al2O3, TiO2 and C3N4. It can be seen that the zeta potential 
values of these materials were all negative and in the same range as was the adhesion of 
osteoblast-like cells upon these ceramics (unpublished data I). Error bars indicate the 
standard deviations. *p < 0.01, as compared to other materials, **p < 0.01, as compared 
to DLC-PTFE. Statistical analysis performed with one-way ANOVA was carried out 
between the materials tested in separate studies. 
8.5 SAOS-2 CELL ATTACHMENT AND SPREADING ON TEST 
MATERIALS 
In study I, adhesion of Saos-2 cells was not statistically different 
between AD and its hybrid coatings after 24 h of cultivation (Fig. 
18). Nevertheless, after 48 h, the number of attached cells on AD 
and AD-Ti-h coating was significantly greater (**p < 0.01 and *p 
< 0.05, respectively) than on Si and on AD-PDMS-h coating (Fig. 
18). Pure AD had a slight but not significantly higher adhesion 
rate of cells than AD-Ti-h coating. It was also noted that the 
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number of cells did not increase at the time point 48 h on Si as 
was found with AD and its hybrid coatings (Fig. 18).  
 
0
0.5
1
1.5
2
2.5
3
AD AD-PDMS AD-Ti Si
N
o
rm
a
liz
e
d
 c
e
ll 
n
u
m
b
e
r
after 24 h
after 48 h
*
**
 
 
Figure 18: The number of attached cells on AD and AD-Ti-h coating was significantly 
greater (**p < 0.01 and *p < 0.05, respectively) than on Si and on AD-PDMS-h 
coating after 48 h. The number of cells did not increase at the time point 48 h on Si as 
was found with AD and its hybrid coatings (Study I). The number of viable cells was 
determined using the MTT assay and a standard curve normalized to the number of 
cells. Results are normalized so that Si at the timepoint 24-hours was designated the 
value of one. Error bars indicate the standard deviations. One-way ANOVA was used 
to determine the statistical differences between materials.  
 
As seen in Fig. 19, SEM analysis of cultured cells after 24 h 
cultivation indicated that Saos-2 cells could be guided to grow 
inside the square (a) or cruciform (b) features of AD coating. The 
morphology of cells had switched to being flattened and spread 
out to the size of AD squares and the focal adhesions had been 
mainly formed on the AD structures (Fig. 19c). The adoption of 
cells to the square or cruciform shape demonstrated that the 
guiding effect of the cells could be also mediated by a physical 
shape of the pattern in addition to the chemical composition of 
the feature. Size and spreading of Saos-2 cells appeared to be 
similar on all AD coatings. After 48 h, cells formed a well 
flattened confluent layer that covered the entire surface and 
8 – Results 
114 
 
individual cells could no longer be easily distinguished (Fig. 
19d).  
 
 
 
Figure 19: Guided growth of Saos-2 cells according to the edges of the AD coated 
square (a) and cruciform (b) features after 24-hour cultivation. The tilted SEM image 
(c) shows the flattened morphology of cells with numerous focal adhesions upon the 
AD feature. After 48-hours in culture, the cells had formed a confluent monolayer 
upon the surface (d). (Study I)  
 
In study II, after 48 h cultivation, the number of attached cells 
on the C3N4-Si coated MNST samples was slightly but not 
significantly greater than on the C3N4-Si coated MST samples 
(Fig. 20). However, both these groups significantly differed (p < 
0.01) from C3N4-Si coated smooth samples as well as from their 
uncoated counterparts. SEM pictures (Fig. 21) indicated that on 
the smooth uncoated PP surface (a), the cell growth was 
inhibited and thus cells assumed a round shape with diffuse or 
limited establishment of focal adhesions. In coated smooth PP 
samples, the cells were seen to adhere to each other with cellular 
microextensions and were connected to the substrate as well as 
to the neighbouring cells (Fig. 21b). The uncoated MNST surface 
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differed from the uncoated smooth surface so that on the former 
surface, Saos-2 cells tended to grow in cell clusters with an 
apparent three-dimensional structure (Fig. 21c). On the C3N4-Si 
coated MST surface, the cells used the plateau between the 
micropillars for attachment (Fig. 21d). This was the major 
difference from the situation with the C3N4-Si coated MNST 
surface where the cells were attached on top of the pillars and 
formed cellular extensions to the edges of the neighbouring 
nanostructured pillars (Fig. 21e,f). Therefore, C3N4-Si coated 
MNST appeared to be a very ideal surface for Saos-2 cells 
attachment. 
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Figure 20: Quantity of Saos-2 cells on C3N4-Si coated and uncoated micro- and nano-
structured (MNST), microstructured (MST) and smooth polypropylene surfaces. The 
number of attached cells on the C3N4-Si coated MNST samples was slightly but not 
significantly greater than on the C3N4-Si coated MST samples. Both these groups 
significantly differed (*p < 0.01) from C3N4-Si coated smooth sample as well as from 
their uncoated counterparts (Study II). Results are normalized so that uncoated 
smooth sample was designated the value of one. Error bars indicate the standard 
deviations. One-way ANOVA was used to determine the statistical differences 
between materials.  
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Figure 21: Saos-2 cells on uncoated smooth (a) and on C3N4-Si coated smooth PP 
surfaces (b) after 48-hours in culture. On uncoated surface, the cells have a rounded 
appearance with minimal focal adhesions (a), whereas on a coated surface, the cells are 
spread out and flattened of their morphology with numerous focal adhesions (b). On an 
uncoated MNST surface, the cells are as rounded as on uncoated smooth surface, but 
they have accumulated together (c). The most interesting observation can be seen in 
figures d, e and f. On coated MST surface, the cells grow on the plateau between the 
micropillars (d) while on the coated MNST surfaces (e, f) cells also are attached via 
extensions on the top and the sides of the micropillars. (Study II) 
 
Figure 22 represents the unpublished results I of Saos-2 
adhesion on different ceramic materials. In this experiment, the 
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main aim was to determine the correlation between the zeta 
potential and the adhesion of osteoblast-like cells. MTT assay 
revealed that there was no statistical difference between these 
ceramic coatings (Fig. 22) which had zeta potential values in the 
same range (Fig. 17).  
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Figure 22: The number of Saos-2 cells on TiO2, C3N4 and Al2O3 surfaces after 48-hour 
incubation. Statistically significant differences between materials were not found. The 
presence of viable cells was spectrophotometrically assessed by the MTT assay and a 
standard curve normalized to the number of cells. Results are normalized so that Al2O3 
coated sample is designated a value of one. Error bars indicate the standard deviations. 
One-way ANOVA was used to determine the statistical differences between materials.  
 
Figure 23 represents the unpublished results II of Saos-2 
adhesion on Si wafers with smooth, matt and rough surfaces. 
The roughness of either matt or rough surfaces evoked the 36 % 
and 85 % higher Saos-2 adhesion compared to smooth surface, 
respectively. These differences were statistically significant (p < 
0.05).  
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Figure 23: The quantity of Saos-2 cells on smooth (Ra < 10 nm), matt (Ra = 100 ± 10 
nm) and rough (Ra = 1000 ± 100 nm) silicon wafers. The Saos-2 adhesion rates were 
36 % and 85 % higher with matt and rough surfaces compared to smooth surface, 
respectively. The differences were statistically significant (p < 0.05) between these 
groups (unpublished data II). After 48-hours’ incubation, the number of viable cells 
was determined using the MTT assay and the standard curve normalized to the 
number of cells. Results are normalized so that silicon wafers with smooth surface was 
designated the value of one. Error bars indicate the standard deviations. One-way 
ANOVA was used to determine the statistical differences between materials.  
8.6 STAPHYLOCOCCAL BEHAVIOUR ON STUDIED SAMPLES 
In study III, at 16 hours DLC-PTFE-h and DLC were clearly 
better able to resist biofilm formation of S. epidermidis than 
conventional biomaterial metals Ti (Fig. 24), Ta and Cr as well as 
DLC-PDMS-h. Biofilm formation was practically completed on 
Ti, Ta, Cr and DLC-PDMS-h so that they were 98.95 %, 99.60 %, 
99.11 % and 99.75 %, respectively, covered by biofilm whereas 
coverage was only 87.71 % and 55.84 % for DLC and DLC-PTFE-
h, respectively (Fig. 25). In this study, biofilm resistance did not 
correlate in a straightforward way with surface roughness 
(Table 6), wettability (Tables 7 and 9) or zeta potential (Fig. 17). 
However, DLC is highly negative in its surface charge which 
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might be an important explanation for the good biofilm 
formation resistance. With DLC-PTFE-h, the good anti-biofilm 
properties appeared to be related to the fluoride content of this 
hybrid.  
 
 
 
Figure 24: Pictures of Calcofluor White stained biofilm formations visualized under 
epifluoresence microscope on DLC-PTFE (a), DLC (b) and Ti (c) surfaces. Biofilm is 
seen as light and the pure background as black. (Study III) 
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Figure 25: Area covered by Calcofluor White stained biofilm produced by 
Staphylococcus epidermidis on different biomaterials after 16-hours’ incubation. DLC-
PTFE-h and DLC statistically differed (*p < 0.001) from other materials in their 
abilities to resist biofilm formation (Study III). Error bars indicate the standard errors 
of the mean. Results are normalized so that DLC-PDMS was designated the value of 
one. One-way ANOVA was used to determine the statistical differences between 
materials.  
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In study IV, after cultured S. aureus for 90 min under static 
conditions and in the presence of serum it was noted that the 
rank order of the biomaterials was Ti, Ta, Cr, and DLC, with the 
DLC being clearly most resistant against colonization with S. 
aureus (Fig. 26 and 27). Adhesion of S. aureus was studied using 
different size (125 µm, 25 µm and 5 µm) microtextured circular 
spots of biomaterial coating and either the background being Si 
or the reverse situation (Fig. 14). In every size, spots formed 
30.6% and background 69.4% of the total sample area. Adhesion 
was also studied with a homogenous plain coating surface. 
Calculations for bacterial adherence were conducted with 
samples of 125 µm biomaterial spots on a Si background (Fig. 
26). The difference in adhesion of S. aureus for Ti and Ta over Cr 
and DLC was very clear when the area of the biomaterial 
covered by adherent bacteria was calculated (Fig. 26a). This 
order of adhesion and its magnitude were similarly apparent 
when the ratio of adherence index (bacterial binding to the 
tested biomaterial/bacterial binding to the silicon background) 
was calculated for Ti (22.69%/0.68%), Ta (14.34%/0.84%), Cr 
(1.41%/0.66%) and DLC (0.38%/0.40%) and compared against 
each other (Fig. 26b).  
The adhesion of bacteria with other sizes of spots and plain 
surface is described in Table 10. Some other results of this study 
can be summarized as follows. First, micropatterned surfaces 
proved to be very useful for quantitative comparison of bacterial 
adherence on different materials. Second, when a bacterial 
friendly coating was uniform or when it covered 69.4% of the 
total surface area, the bacteria were relatively homogenously 
covering the available surface. However, when only 30.6% of the 
surface area was covered by bacteria friendly biomaterials, 
bacteria formed small areas of biofilm-like bacterial 
communities. Finally, when the diameter of the spots was only 5 
µm, bacteria seemed to grow also on the background. 
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Figure 26: Acridine Orange stained Staphylococcus Aureus adhesion on biomaterial 
surfaces with coatings on the 125 µm circular spots with silicon background after 90-
minutes incubation (a).Spots formed 30.6 % of the total sample area and the results 
are expressed as the percentage of the spots covered by adherent bacteria. Results are 
normalized so that Ti was designated the value of one. Figure 26b completes the results 
of Fig. 26a by demonstrating the adherence index (bacterial binding to the tested 
biomaterial/bacterial binding to the silicon background). As seen in these figures, DLC 
proved to be superior in its ability to resist bacterial adhesion (Study IV). Error bars 
indicate the standard deviations of the mean.  
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Figure 27: Clear difference between Ti (a) and DLC (b) in their abilities to resist 
bacterial adhesion. In these ultraviolet-lithographically patterned samples, coatings are 
in the spots with diameter of 125 µm and the background is silicon. DLC spots are 
almost clear of bacteria (b). (Study IV) 
 
Table 10: Summary of the adhesion of S. aureus to test samples. For each material pair 
(the left column) the results are expressed for patterned (e.g. titanium spots on silicon 
background or Ti/Si) and for reverse patterned (e.g. silicon spots on titanium 
background or Si/Ti) samples compared to plain unpatterned surface (right column). 
The results are designated so that the number of stars increases with the increased 
bacterial adhesion. Diamond-like carbon (DLC) resisted best the bacterial adhesion, 
followed by chromium (Cr), tantalum (Ta) and titanium (Ti). This rank order was 
demonstrated with both patterned, reverse patterned and plain samples.  
 
Material        
(spots/ 
background) 
Size of the 
spots:     
125 µm 
Size of the 
spots:        
25 µm 
Size of the 
spots:         
5 µm 
Plain 
unpatterned 
surface 
DLC/Si ¤/¤ ¤/¤ ¤/¤ ¤¤         DLC 
Si/DLC ¤/¤ ¤/¤ ¤/¤ - 
Cr/Si ¤¤¤/¤ ¤¤¤/¤ ¤¤/¤¤ ¤¤¤¤      Cr 
Si/Cr ¤/¤¤¤ ¤/¤¤¤ ¤¤/¤¤ - 
Ta/Si ¤¤¤¤¤/¤ ¤¤¤¤¤/¤ ¤¤¤/¤¤¤ ¤¤¤¤¤¤   Ta 
Si/Ta ¤/¤¤¤¤¤ ¤/¤¤¤¤¤ ¤¤¤/¤¤¤ - 
Ti/Si ¤¤¤¤¤¤¤/¤ ¤¤¤¤¤¤¤/¤ ¤¤¤¤/¤¤¤¤ ¤¤¤¤¤¤¤¤ Ti 
Si/Ti ¤/¤¤¤¤¤¤¤ ¤/¤¤¤¤¤¤¤ ¤¤¤¤/¤¤¤¤ - 
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9 Discussion 
In the present thesis, novel carbon-based materials were 
successfully used to enhance adhesion of osteoblast-like cells or 
to prevent biofilm formation. UV-lithography and injection 
molding demonstrated to be effective methods to texture 
surfaces for contact guidance and morphological modification of 
osteoblast-like cells. The USPLD technique was useful in the 
production of well-adherent novel hybrid coatings with 
different wettability properties, which may help to guide the 
cellular responses. DLC and DLC-PTFE were demonstrated to 
be superior in their ability to resist bacterial adhesion.  
9.1 SAMPLE FABRICATION FOR CELL AND BACTERIA STUDIES 
It is essential to conduct in vitro tests if one wishes to make 
improvements in biomaterials for use as orthopedic implant 
applications.  First of all, sample fabrication needs to be 
performed in clean conditions in a reproducible way. Cells and 
bacteria can sense even minimal impurities or cutting dust in 
the samples and this may distort the cellular responses. In this 
thesis (studies I and IV), UV-lithography was employed to 
produce the desired patterns onto Si wafers. UV-lithography 
(Madou 2002) is a very well-controlled, rapid and inexpensive 
way to produce patterns with feature sizes ranging from 1.5 µm 
to 500 µm. Both the size and shape of the patterns produced can 
affect adhesion and spreading of the cells and biofilm formation 
by bacteria on the sample surface. In study I, UV-
lithographically patterned samples revealed the guiding effect 
of Saos-2 cells seen by preferential cellular adhesion to the AD 
and AD hybrids patterns compared to Si background. A finding 
that generally rounded cells initially adopted the geometrical 
architecture of the square or cruciform shape was in agreement 
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with other studies (Kaivosoja et al. 2010, Myllymaa et al. 2010). 
The guiding effect may be utilized in orthopedic implant 
applications so that the diffuse dispersion of cells can be 
restricted and they can be guided to grow to critical sections not 
only in the desired direction but also in an intended orientation. 
In study IV, UV-lithography was used to fabricate different 
sized Ti, Ta, Cr and DLC patterns on Si background and to 
study the bacterial adherence to these textures. UV-lithography 
enabled to study the bacterial adherence to different sized 
structures with all the thin film coatings in the same array and 
minimized the biological alterations. Samples were also 
fabricated in the reverse manner (biomaterials on background 
and Si on patterns) which confirmed the material related effect 
of bacterial adherence. The size variation of the patterns and the 
comparison to the plain unpatterned surfaces to the patterned 
surfaces provided new information about bacterial colonization 
and biofilm formation. UV-lithography was also found to be an 
effective and reliable method for ranking the order of bacterial 
adherence on different biomaterials. However, some difficulties 
were also observed with this technique. The material used as the 
substrate, Si wafers, with a typical thickness of 0.25-1.0 mm, is 
very fragile and the handling of Si wafers is rather difficult. Also 
the cutting of these wafers produces some Si dust which may 
disturb the cell or bacteria interactions. Winkelmann et al. (2003) 
used a photoresist layer to prevent the production of Si dust to 
samples. This method, however, carries a risk of biomaterial 
contamination with photoresist residues. In this study, the 
presence of this dust was minimized by using a protective thin 
plastic film during cutting and washing the samples with mild 
detergent after cutting. Si can be doped with impurity atoms 
such as boron or phosphorous, i.e. changing it into n-type or p-
type Si, in order to enhance the electrical conductivity. However, 
this conductivity may affect the behaviour of bacteria or cells 
seeded and growing on it. In this study, p-type Si was 
systematically used without encountering problems. The 
background material was actually SiO2, since an oxide layer 
naturally forms on its surface. This happens also to the metals 
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used in in vitro tests but because similar oxide layers form also 
on real medical implant materials, it does not seem to be a 
problem. It is impossible to use UV-lithography for patterning 
curved surfaces. Nevertheless, real implants typically contain 
curved and other complicated geometrical surfaces and at 
present it is the best option to pattern these kinds of in vitro 
surfaces using soft lithography (Xia & Whitesides 1998). 
Another advantage of soft lithography compared to 
conventional photolithography is that the technique itself is 
suited to texturing of three dimensional structures (Xia & 
Whitesides 1998, Mata et al. 2009). When the optimized surface 
texture has been found, the real implant surface can be textured 
using e.g. laser processing.  
In this thesis (study II), PP samples were textured using 
injection molding methods. The advantages of polymers include 
low cost, chemical availability and possibility to create complex 
three dimensional structures. Polymers like polystyrene, 
polymethylmethacrylate, polycarbonate and polydimethyl-
siloxane and have been used in some previous studies 
(Flemming et al. 1999). Polypropylene was chosen for use in the 
study II due to its straightforward handling properties as well 
as its optimal level of stiffness required for cell adhesion 
(Vagaska et al. 2010). A rather new method, injection molding, 
was effective in controlling both micro- and nanodimensions of 
the structures. It is also suitable for mass production of in vitro 
samples with different hierarchical structures. The advantage of 
this method is that it can be used to produce a nanotexture 
placed deliberately on the surface.  Another advantage is that 
the shape of the feature is rounded, since sharp edges are not 
common in the human body. Micro- and nano-scale dual 
structures combined with high surface energy achieved by 
proper coating significantly enhance osteoblastic cells adhesion. 
In the future, this method will be used to produce dual 
structures optimized for different purposes.  
In every sub-project of this thesis, thin film deposition played 
an important role. Thin films refer to thin material layers 
ranging from the thickness of singular atomic layers to several 
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micrometers. In this thesis, the thicknesses of layers were about 
200 nm. The coating techniques used were USPLD (studies I and 
II and unpublished data I) (Amberla et al. 2006), DC sputtering 
(studies III and IV) and FPAD (studies III and IV). In studies I 
and II, hybrid thin film coatings in a very well controlled and 
reproducible manner were produced and in study II, the 
wettability properties of PP surfaces were drastically changed. 
Cleaning of samples before deposition can be challenging. Even 
a gentle ion beam cleaning partly destroyed the nanostructures 
on PP in study II. In the future, it would be worthwhile to use 
chemical treatments at an elevated temperature or an even 
gentler vacuum handling for cleaning of the samples. In the 
future, USPLD could be used to deposit proteins like Fn or Vn, 
which affect the bone cell adhesion onto implant surface. Since 
this method can be used for deposition on large surfaces with 
dimensions of tens of centimetres, a real implant for 
implantation in animal models or human patients could be 
produced.  
9.2 IN VITRO STUDIES 
Direct contact testing of novel biomaterials with in vitro cell 
cultures can be used as a first stage test of acute toxicity and 
cytocompatibility. It avoids the unnecessary use of animals and 
may provide an early indicator of potential in vivo problems. 
ISO-10993-5 guidelines for “Biological Evaluation of Medical 
Devices” set by the International Organization for 
Standardization allows for the use of visual grading systems in 
new material cytotoxicity determinations (Bhatia & Yetter 2008).  
The US Food and Drug Administration guidelines for medical 
device evaluation are also largely in concordance with this 
standard (Bhatia & Yetter 2008). A visual grading method 
requires only microscopic inspection of cell–material 
interactions and provides an inexpensive and fast way for 
screening of large numbers of potential biomaterial candidates. 
In this thesis (studies I and II and unpublished data I and II) 
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also a quantitative MTT colorimetric assay was used to measure 
cell viability and was demonstrated to be more accurate than 
microscopic methods at detecting differences between different 
coating materials and surface textures. Bhatia and Yetter (2008) 
demonstrated a high degree of correlation between the visual 
cytotoxicity rating and the quantitative cell viability 
measurement performed using MTT colorimetric assay. To 
summarize the results of studies I and II and the article of 
Bhatia and Yetter (2008), it seems that the quantitative method 
of cell viability confirms the microscopic observations and in 
some cases provides additional information. One drawback of in 
vitro tests arises from the limited lifespan of cultured cells and 
the fact that cells come from the different microenvironments. 
Therefore, the test of material toxicity is limited to quite acute 
studies and one cannot extrapolate that all osteoblastic cells will 
behave in the same way on the substrate. However, well-
characterized osteoblast-like cells do represent a successful in 
vitro model to study bone-biomaterial interactions. For instance, 
the Saos-2 cell line used in studies I and II of this thesis, is well 
characterized and known to possess several osteoblastic features 
e.g. elevated alkaline phosphatase and parathyroid hormone-
sensitive adenylate cyclase, production of mineralized matrix 
and expression of osteonectin. (Rodan et al. 1987, Dass et al. 
2007) MSCs (Mendonca et al. 2009b, Ozawa & Kasugai 1996) as 
well as osteogenic MC3T3-E1 (Oya et al. 2010, Sudo et al. 1983) 
cells may be used for evaluating the ability of the implant 
material to provide an environment for these cells to 
differentiate into osteoblasts and function as suitable for 
mineralized tissue formation. This in vitro osteogenesis may be 
investigated by measuring the DNA content, ALP activity and 
calcium content in culture, as well as the expression of 
osteopontin and bone sialoprotein (Ozawa & Kasugai 1996). 
Favourable differentiation into osteoblasts and a large amount 
of mineralized tissue formation on implant surfaces may be 
used as an indicator of rapid bone bonding of the implant in vivo. 
There is also an increasing need for techniques that enhance 
osteogenic differentiation of stem cells and/or identify new 
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progenitor cells for tissue engineering and regenerative 
medicine applications. The lithographic methods used in this 
thesis also provide potential tools for testing the cell’s capacity 
for electrical stimulation and whether this results in enhanced 
osteogenesis (McCullen et al. 2010). The fabrication of 3D 
scaffolds with precisely engineered architecture and tailored 
surface topography may also be used in future to guide and 
selectively stimulate cells and tissues (Mata et al. 2009).   
The evaluating bacteria-material interaction in vitro is a 
challenging and complicated process.  Well sophisticated in vitro 
techniques take into account general culturing circumstances as 
well as the possible sterilization or chemical treatments of 
substrate before culturing. As it has been demonstrated that 
serum proteins have a role in biofilm formation (Patel et al. 
2007), in studies III and IV, experiments were conducted using 
biomaterials precoated with serum proteins and in the presence 
of the diluted TSB to mimic the natural environment in the 
human body. In study III, biofilm formation was studied using 
the fluorochromic stain which interacts with polysaccharide 
components of biofilm. In the future, it may be also possible to 
study the biofilm thickness and viability when more 
information about material-biofilm construction is gathered 
(Patel et al. 2007, Saldarriaga Ferńandez et al. 2010). Other 
challenges will be to clarify the physical factors like 
hydrophobicity and the charge of the studied bacteria and 
investigate the influence of suspending medium on these 
parameters (Bayoudh et al. 2009). One recent study was found 
in which the “race for the surface” of osteoblastic cells and 
bacteria in vitro was studied (Subbiahdoss et al. 2009). This kind 
of study would be an important step forwards when the culture 
medium and other culture circumstances do not favour either 
the studied bacteria or the cell and of course under conditions 
similar to the environment in the human body.  
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9.3 THE EFFECT OF SURFACE PHYSICOCHEMICAL PROPERTIES 
FOR CELL AND BACTERIA RESPONSES 
In this thesis, samples were textured using UV-lithography 
(studies I and IV) and injection molding (study II). In study I, 
microtextured square or cruciform features were also coated 
with AD, AD-Ti-h and AD-PDMS-h and the background was Si. 
At timepoint of 24 hours, the number of cells on plain Si did not 
differ from the number of cells on plain AD and its hybrid 
coatings. However, SEM observations with patterned samples 
indicated the preferential adhesion of cells to the AD and its 
hybrid patterns compared to Si background. The cells adopted 
to grow in the geometric of square or cruciform features and the 
focal adhesions mainly formed on the patterns of AD and its 
hybrids with the cells preferring the very edges of the patterns. 
Due to technical reasons, the confocal laser scanning microscopy 
used in this study did not clearly pinpoint the locations of focal 
adhesions compared to the feature edges. Preferential 
localization of vinculin containing focal adhesions was noted in 
a previous study from our group in which Saos-2 cells were 
cultured on micropatterned thin films (Kaivosoja et al. 2010). 
Study I indicated that the guiding effect of the cells could be 
also mediated by a physical shape of the pattern in addition to 
the chemical composition of the substrate. This observation was 
in agreement with other studies (Parker et al. 2002, Myllymaa et 
al. 2010). 
In study II, PP surfaces were structured with pillars of height, 
diameter and spacing of 20 µm. In combined micro- and nano-
structured surfaces these pillars and also the plateau between 
pillars was nanostructured.  Pure texturing did not affect the 
osteoblastic cells adhesion compared to smooth surfaces, but 
when the surfaces were also coated with C3N4-Si thin films, cell 
adhesion became enhanced on these textured surfaces. MNST 
surfaces displayed slightly but not significantly better adhesion 
of cells than MST surfaces. An increased area of a uniform nano-
rough region (Puckett et al. 2008, Okada et al. 2010) as well as 
inclusion of lower micropillars would be a effective way to 
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further enhance cell adhesion. Cell-cell contact has been 
demonstrated to regulate stem cell osteogenic differentiation 
(Tang et al. 2010) and texturing must be planned so that it does 
not prevent the cells from contacting each other.  
An interesting issue requiring clarification is the optimal 
height of microstructures to promote enhanced adhesion of 
osteoblasts. One way to approach this problem might be to 
detect the size range of the filopodia produced the osteoblasts in 
vitro. Features with heights similar to the sizes of “natural 
filopodia” might help cells to gain a relatively stable foothold on 
the structure which could provide cells with long-term vitality 
and function (Mata et al. 2003).  
Previously, the effects of surface roughness on cell adhesion 
have been studied using surfaces roughened mainly by etching, 
grinding, or sandblasting with resulting average roughness 
values somewhat greater than 10 µm (von Recum et al. 1996). 
Nowadays, nanoroughness (less than 100 nm), typically 
produced with different deposition methods has become the 
most widely studied feature in cell-material interactions. 
Nanoroughness has been shown to enhance osteoblastic cells 
adhesion and differentiation (Puckett et al. 2008, Das et al. 2009, 
Reising et al. 2008, Dalby et al. 2006, Pareta et al. 2009, Okada et 
al. 2010, Grausova et al. 2009, Yang et al. 2009) as well as to 
increase osteoinductive gene expression of adherent human 
MSCs (Mendonca et al. 2009b, 2010). Recent studies have also 
suggested that nanostructured materials may be used for 
inhibition of bacterial adhesion and biofilm formation in 
orthopedic implants (Montanaro et al. 2008, Weir et al. 2008). 
Unpublished results II revealed  that surface roughness Ra ~ 100 
nm and Ra ~ 1000 nm evoked the 36 % and 85 % higher Saos-2 
adhesion compared to roughness Ra < 10 nm, respectively. The 
textured orthopedic implant applications currently in use 
frequently have configuration diameters (of pores, beads, or 
wires) larger than 50 µm (von Recum et al. 1996). Recent studies 
have demonstrated that the osteogenesis of stem cells occurred 
best in large pattern sizes (~ 100 µm x 100 µm) (McBeath et al. 
2004) whereas osteogenesis was hindered at middle-size 
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features (40-70 µm x 40-70 µm) (McBeath et al. 2004, Myllymaa 
et al. 2010). One could speculate that a combination of following 
texture sizes > 100 µm, 1-3 µm and nanoroughness may enhance 
the integration of implants into the host bone tissue.  
In study IV, surface texturing provided new information of 
bacterial behaviour in different sizes features. Bacteria were 
demonstrated to cover the available surface relatively 
homogenously when a bacteria friendly coating was uniform or 
when it was in the background and covered 69.4% of the total 
surface area. Small areas of biofilm-like bacterial communities 
formed when the bacteria friendly biomaterials were in the 
spots and formed 30.6% of the surface area. An interesting 
observation was made with 5 µm spots with spacing 
approximately 3 µm. With these textures, no division of bacteria 
between biomaterials or Si could be seen. One could speculate 
that the extracellular polymeric matrix might form bridges 
between bacteria friendly areas which are sufficiently close 
together. A few bacteria in bacteria unfriendly areas might be 
actually contact with the underlying bacterial slime and not 
with bacteria unfriendly material. 
In study I, pure AD had a lower contact angle (72.4°) and a 
higher SFE with a higher polar component ( ABS ) compared to 
AD hybrid coatings. In that study, SFE components were 
calculated using two models, i.e. van Oss (van Oss et al. 1988) 
and Owens-Wendt (Owens & Wendt 1969) to compare whether 
there was a difference between these two models. The polar 
component calculated by VO method was found to be the most 
critical factor in determining Saos-2 adhesion. The VO model 
uses three liquids in determining the contact angles whereas the 
OW model uses only two. When accurate information of the 
polar component of surface is needed, the VO approach is a 
better choice. Also in other studies, the polar component of the 
surface has been demonstrated to play a dominant role in the 
functions of osteoblastic cells (Feng et al. 2003, Redey et al. 2000). 
This may be due to the fact that the constituents of cells and the 
culture medium are all polar and thus the cells and the coating 
material interact mainly through polar forces. If the polar 
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component of surface is high enough, this causes higher 
interaction energy between cells and the coating and irreversible 
adhesion of cells as happened on AD. Instead, weaker cell 
adhesion was seen in AD-PDMS which had the most non-
wettable property and the smallest polar component.  At a 
timepoint of 24 hours, the cells were quite well adhered to 
reference Si, but the number of cells was decreased with time. 
The reason for the good adhesion seen at the first timepoint is 
probably due to the favourable wettability properties of Si but 
since it is a very hydrophilic material, short-distance repulsive 
interactions might cause reversible adhesion of cells at later time 
points even though there is known to be poor cytocompatibility. 
Increased wettability with a higher SFE has been shown to 
enhance the osteoblastic cells functions (Lim et al. 2008, Khang 
et al. 2008, Feng et al. 2003, Liao et al. 2003, Zhao et al. 2005, 
Zhao 2007b).  It may be also probable that cells preferentially 
adhere to surfaces with moderate hydrophilicity as has been 
demonstrated in a few studies (Van Wachem et al. 1985, Lee et 
al. 1997, 1998). Favourable cell adhesion may be considered not 
only in terms of stable polar binding between cell and material, 
but also for promoting the adsorption of protein molecules in an 
appropriate and flexible spatial conformation making possible 
the protein reorganization and accessibility of the specific 
ligands via cell adhesion receptors (Vagaska et al. 2010). On 
extremely hydrophilic surfaces, the cell adhesion-mediating 
proteins may be bound too loosely, so they do not provide firm 
adhesion and spreading of cells on the material surface 
(Bač{kov{ et al. 2004, 2007). On the other hand, hydrophobic 
surfaces are thought to promote strong adsorption and 
subsequent denaturation of proteins, which distorts the 
conformation of cell adhesion receptor-binding domains. In 
addition, a preferential and strong adsorption to Alb which acts 
as non-adhesive for cells has been reported on these surfaces 
(Arima & Iwata 2007, Choi et al. 2008, Hao & Lawrence 2007). In 
recent studies, FPAD produced pure DLC coatings have 
displayed controversial results with respect to osseointegration 
(Myllymaa et al. 2010, Calzado-Martin et al. 2010). Further 
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studies will concentrate on identifying an even more optimal 
AD hybrid material with moderate hydrophilicity. This 
modification might be beneficial for osteogenic differentiation of 
progenitor cells.  
In study II, osteocompatible C3N4-Si-coating drastically 
enhanced the wettability properties of PP samples. Furthermore, 
the surface micro- and nanotexturing significantly enhanced the 
adhesion and spreading of osteoblast-like cells compared to the 
situation with uncoated and untextured surfaces. The 
synergistic effect of favourable wettability and topography 
properties of materials to enhance osteoblastic cells adhesion 
has also been demonstrated in other studies (Khang et al. 2008, 
Feng et al. 2003, Misra et al. 2009).  
It is often reported that hydrophilic surfaces display lower 
adhesion rates of bacteria compared with hydrophobic control 
surfaces (Bruinsma et al. 2001, Bayoudh et al. 2006, 2009, 
Gallardo-Moreno et al. 2009, Cerca et al. 2005, Patel et al. 2007). 
With hydrophilic surfaces, the hydrophilic repulsion between 
bacteria and surfaces cause the reversible adhesion of bacteria 
whereas in hydrophobic surfaces, the attractive LW and EL 
interactions cause the irreversible adhesion of cells (Bayoudh et 
al. 2009, Boks et al. 2009). However, the biological specific 
interactions and specific experimental conditions like the 
presence of serum proteins (Patel et al. 2007, MacKintosh et al. 
2006) and the ionic strength of the culture medium (Bayoudh et 
al. 2009) both have a major influence on the adhesion properties 
of adhesive proteins as well as bacteria and these need to be 
taken into account. Also the hydrophilicity of certain bacteria 
strains may have an influence on the adhesion process 
(Bruinsma et al. 2001, Bayoudh et al. 2006, 2009). In study III, 
the biofilm resistance of DLC-PTFE-h and DLC compared to 
DLC-PDMS-h, Ti, Ta and Cr could not be explained as a 
straightforward by the surface roughness, wettability or zeta 
potential of these coatings.  The zeta potentials of the all 
biomaterials studied were negative, but particularly that of the 
DLC (approximately -70 mV). This suggests that the important 
explanation for the good biofilm formation resistance of DLC 
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might be the considerable repulsive forces existing between this 
coating and the bacterial cells. Fluoride is widely used for its 
antibacterial properties particular in dentistry (Wiegand et al. 
2007). The fluoride content of DLC-PTFE-h might explain the 
good antibiofilm property of this coating. In the future, testing 
with DLC-PTFE hybrid coatings with different corrosion rates of 
fluoride and the DLC coatings with different surface charge 
values might define the most critical factor in resistance to 
bacterial adhesion and biofilm formation as observed in studies 
III and IV.  
The electric charge of a biomaterial surface is considered to 
be one of the material-based physicochemical factors affecting 
cell/protein/bacteria-biomaterial interactions. It is established 
that negatively charged surfaces enhance the osteoblastic cells-
biomaterial interactions in vitro (Cheng et al. 2005, Ohgaki et al. 
2001, Bodhak et al. 2010, Thian et al. 2010). It has been 
speculated that one reason for enhanced osteoblast-like cells 
adhesion on negatively charged surfaces is their ability to 
selectively adsorb calcium (Ca2+) ions which, in turn, favour 
adsorption of cell adhesive proteins (e.g. fibronectin and 
osteonectin) and consequently promote adhesion and 
mineralization of osteoblastic cells (Bodhak et al. 2010, Cheng et 
al. 2005, Ohgaki et al. 2001). On positively charged surfaces, Clˉ 
reacts with surrounding cations, prefentially with Na2+ which 
consequently provide the formation of NaCl crystals which, in 
turn, together with anti-adhesive molecules (e.g. 3HCO ) can be 
selectively attracted on a positively charged surface but this will 
result in poor cell adhesion (Bodhak et al. 2009, 2010, Ohgaki et 
al. 2001, Yamashita et al. 1996). Unpublished results (I) revealed 
that three tested ceramic materials (Al2O3, TiO2 and C3N4) were 
negatively charged (ζ= -51-(-57) mV) and the cells adhered very 
well onto these surfaces but no difference was found on cell 
adhesion between these materials with apparently the same zeta 
potential as was predictable. In conclusion, a negative charge on 
the bone implant material would be favourable for bone cell 
adhesion as well as bacterial prevention, since stronger 
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repulsive forces exist between negatively charged bacterial cells 
and negatively charged surfaces.  
New, valuable information about interactions between 
osteoblast-like cells and textured carbon-based surfaces was 
obtained in these short-term in vitro studies. Moreover, some 
indications about bacteria behaviour on textured carbon-based 
surfaces were obtained. In the future, also long-term studies 
examining in vitro osteogenesis as well as in vivo tests will be 
needed to investigate whether the new generation of intelligent 
orthopedic implants will be more biocompatible and bioactive 
than their current counterparts. It is a challenge to combine the 
properties of surface roughness, texture, wettability and charge 
to enhance bone cell adhesion and differentiation as well as 
being able to prevent biofilm formation; this thesis provides a 
solid foundation for this kind of research.  
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10 Summary and 
conclusions 
In this thesis, novel fabrication techniques to produce carbon-
based thin films and ways to modify their physicochemical 
properties were developed. The optimal orthopedic implant 
should be bioactive, i.e. it should induce the desired cellular 
responses, leading to integration of the material into the bone 
tissue as well preventing the formation of biofilm. In vitro 
studies were carried out to clarify the effects of surface 
properties such as surface chemistry, surface wettability, 
roughness, texture and zeta potential on the adhesion and 
behaviour of osteoblast-like cells and bacteria on biomaterial 
coatings. The most important results of the studies included in 
this thesis can be summarized as follows: 
 
1. Microtexturing of bone implant surfaces can be used to 
regulate the contact guidance of osteoblastic cells according 
to the shape of microtextures as demonstrated with UV- 
lithographically patterned Si samples with in vitro cell tests 
(I). Samples with different sized microtextures appear to be 
effective tools to collect detailed knowledge about bacterial 
adhesion and colonization processes (IV).  
 
2. The USPLD method is a very useful way to produce novel 
hybrid materials (AD-Ti, AD-PDMS, C3N4-Si) in order to 
modify the wettability properties of polymers (II) and 
ceramics (I). 
 
3. Synergetic effect of injection molded surface micro- and 
nanotexturing with moderately wettable carbon-based 
coating on enhanced osteoblast-like cells adhesion was 
clearly demonstrated (II). 
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4. Increased surface roughness (unpublished data II) and 
texturing (I and II) of osteocompatible material enhances the 
adhesion of osteoblast-like cells. The Lewis acid-base 
component ( ABS ) of surface free energy was demonstrated 
to be a critical factor in the adhesion of these osteoblast-like 
cells (I). 
 
5. Physicochemical properties of DLC and DLC-PTFE-hybrid 
did not explain unequivalently their ability to resist biofilm 
formation compared to commonly used implant metals and 
DLC-PDMS-h. Further studies are needed to clarify the 
factors beyond the antibacterial properties. 
 
6. Overall, novel carbon-based materials proved to be 
promising coating candidates for bone implant applications 
because of their abilities to enhance adhesion of osteoblastic 
cells (I, II) and to prevent bacterial adhesion and biofilm 
formation (III, IV). 
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b
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d
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c
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 b
e
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m
 
e
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a
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ra
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o
a
te
d
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o
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.5
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4
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m
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s
p
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c
in
g
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0
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m
 a
n
d
 R
R
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~
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.4
6
-4
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6
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u
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o
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te
o
b
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t 
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o
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c
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c
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d
 
c
e
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g
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ti
o
n
 
w
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h
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ro
o
v
e
s
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it
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 d
e
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S
p
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d
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d
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n
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s
 
d
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c
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c
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R
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S
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m
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g
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c
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 l
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c
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ra
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D
 
T
i,
 T
a
, 
C
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 b
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c
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c
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le
s
s
 
e
ff
e
c
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v
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 p
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c
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c
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y
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a
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en
d
ix
 t
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b
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 c
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 d
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c
h
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u
e
 
M
a
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ri
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e
a
tu
re
 d
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n
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n
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e
ll
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y
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C
e
ll
u
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r
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R
e
fe
r
e
n
c
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N
a
n
o
c
ry
s
ta
ls
 
C
h
e
m
ic
a
l 
tr
e
a
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e
n
ts
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y
d
ro
ly
s
is
) 
V
a
ri
o
u
s
 t
y
p
e
s
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f 
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A
 n
a
n
o
c
ry
s
ta
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n
a
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o
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b
e
rs
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n
a
n
o
n
e
e
d
le
s
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n
d
 
n
a
n
o
s
h
e
e
ts
 
D
ia
m
e
te
r 
o
f 
s
u
b
m
ic
ro
n
 
fi
b
e
rs
 1
5
0
-2
0
0
 n
m
, 
n
a
n
o
fi
b
e
rs
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0
-5
0
 n
m
, 
n
a
n
o
n
e
e
d
le
s
 2
0
-4
0
 n
m
. 
T
h
ic
k
n
e
s
s
 o
f 
n
a
n
o
fl
a
k
e
s
 
1
0
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m
 a
n
d
 n
a
n
o
s
h
e
e
ts
 
1
0
 n
m
 
R
a
t 
b
o
n
e
-
m
a
rr
o
w
- 
d
e
ri
v
e
d
 M
S
C
s
 
R
e
s
tr
ic
te
d
 
c
e
ll
u
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r 
a
c
ti
v
it
ie
s
 
w
it
h
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n
e
 
n
a
n
o
n
e
e
d
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s
 
a
n
d
 
n
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n
o
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b
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E
n
h
a
n
c
e
d
 
c
e
ll
 
p
ro
li
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o
n
 
w
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h
 
s
u
rf
a
c
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s
 
o
f 
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rg
e
 
g
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in
s
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n
d
 
o
n
 
a
 
s
u
b
s
tr
a
te
 
c
o
n
s
is
ti
n
g
 
o
f 
w
id
e
 
n
a
n
o
s
h
e
e
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O
k
a
d
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 p
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a
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n
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n
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s
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 d
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r 
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i 
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n
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n
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y
p
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d
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p
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n
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 b
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o
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o
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c
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d
 
a
d
h
e
s
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n
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n
 
n
a
n
o
ro
u
g
h
e
n
e
d
 
s
u
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a
c
e
s
 
c
o
m
p
a
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u
n
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e
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S
u
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c
e
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c
h
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n
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d
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o
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c
e
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o
u
g
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s
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s
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c
e
 
c
h
e
m
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 b
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m
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ra
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N
a
n
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ro
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m
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p
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e
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b
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m
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o
b
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o
b
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b
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c
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c
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p
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 m
o
ld
in
g
, 
L
IG
A
 (
li
th
o
g
ra
p
h
y
, 
e
le
c
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p
la
ti
n
g
, 
m
o
ld
in
g
) 
d
ia
m
o
n
d
 w
ir
e
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c
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c
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p
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ra
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c
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 p
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c
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n
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n
g
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fe
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tu
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p
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m
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s
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h
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b
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c
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 f
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h
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n
c
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d
 
c
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 d
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o
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 e
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e
c
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c
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ll
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c
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 p
la
s
m
a
 
d
e
p
o
s
it
io
n
 
N
a
n
o
s
tr
u
c
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b
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b
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c
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b
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c
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c
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R
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ri
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b
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ti
n
g
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n
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m
a
c
h
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R
o
u
g
h
e
n
e
d
 o
r 
p
o
li
s
h
e
d
 T
iA
l 6
V
4
 
d
is
k
s
 
S
m
o
o
th
 s
u
rf
a
c
e
s
: 
R
a
 ~
 
0
.2
 µ
m
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u
g
h
 o
n
e
s
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a
 
~
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m
 
H
u
m
a
n
 
o
s
te
o
b
la
s
t-
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e
 
c
e
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s
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e
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u
c
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d
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u
m
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d
if
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a
ti
o
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d
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c
a
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p
ro
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u
c
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o
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o
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c
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o
n
 
ro
u
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4
 
d
is
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s
 
c
o
m
p
a
re
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s
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o
o
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s
u
rf
a
c
e
  
S
c
h
w
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rt
z
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a
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 t
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b
le
: O
ve
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w
 o
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 c
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 d
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F
e
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tu
re
 t
y
p
e
 
F
a
b
r
ic
a
ti
o
n
 
te
c
h
n
iq
u
e
 
M
a
te
ri
a
l 
F
e
a
tu
re
 d
im
e
n
s
io
n
s
 
C
e
ll
 t
y
p
e
 
C
e
ll
u
la
r
 e
ff
e
c
t 
R
e
fe
r
e
n
c
e
 
M
ic
ro
d
o
ts
 a
n
d
 -
s
tr
ip
e
s
 
E
le
c
tr
o
n
 b
e
a
m
 
e
v
a
p
o
ra
ti
o
n
 a
n
d
 
p
h
o
to
li
th
o
g
ra
p
h
y
  
T
i,
 A
l,
 N
b
 o
r 
V
 
c
o
a
te
d
 S
i 
D
o
ts
 o
r 
s
tr
ip
e
s
 w
it
h
 
d
ia
m
e
te
r 
o
f 
5
0
, 
1
0
0
 a
n
d
 
1
5
0
 µ
m
 
P
ri
m
a
ry
 h
u
m
a
n
 
o
s
te
o
b
la
s
ts
 
N
o
 
s
ig
n
if
ic
a
n
t 
d
if
fe
re
n
c
e
 
in
 
c
e
ll
 
n
u
m
b
e
r 
a
n
d
 
a
c
ti
v
it
y
 
b
e
tw
e
e
n
 
p
a
tt
e
rn
e
d
 
a
n
d
 
n
o
n
-p
a
tt
e
rn
e
d
 
s
in
g
le
 
m
a
te
ri
a
ls
. 
In
 
b
im
e
ta
ll
ic
 
s
u
rf
a
c
e
s
 
c
e
ll
s
 
a
v
o
id
e
d
 
A
l 
s
u
rf
a
c
e
s
 
a
n
d
 
a
li
g
n
e
d
 r
e
la
ti
v
e
 t
o
 p
a
tt
e
rn
 g
e
o
m
e
tr
y
 
o
f 
o
th
e
r 
m
e
ta
ls
 
S
c
o
tc
h
fo
rd
 
e
t 
a
l.
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0
0
3
 
C
o
lu
m
n
a
r 
s
p
o
t-
li
k
e
 m
ic
ro
to
p
o
-
g
ra
p
h
y
 
S
in
te
ri
n
g
 a
n
d
 l
a
s
e
r 
a
b
la
ti
o
n
  
H
A
 
D
ia
m
e
te
r 
o
f 
s
p
o
ts
 5
-1
0
 
µ
m
 
M
G
-6
3
 
F
ib
ro
b
la
s
t 
a
p
p
e
a
ra
n
c
e
 
o
f 
c
e
ll
s
 
o
n
 
s
m
o
o
th
 
s
u
rf
a
c
e
s
 
w
h
e
re
a
s
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th
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s
u
rf
a
c
e
s
 
w
it
h
 
m
ic
ro
to
p
o
g
ra
p
h
y
, 
s
tr
o
n
g
 
b
o
n
d
in
g
 
o
f 
c
e
ll
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fi
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p
o
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p
a
c
e
s
 
b
e
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e
e
n
 
th
e
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o
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m
n
a
r 
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tr
u
c
tu
re
s
 
o
f 
th
e
 
s
u
rf
a
c
e
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re
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h
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c
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e
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a
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ro
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a
n
d
 
n
a
n
o
p
it
s
 
L
a
s
e
r 
a
b
la
ti
o
n
 
P
o
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im
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e
  
M
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ro
p
it
; 
d
ia
m
e
te
r 
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8
2
 
µ
m
, 
d
e
p
th
 ~
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1
4
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m
, 
n
a
n
o
p
it
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d
ia
m
e
te
r 
~
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2
6
 
n
m
, 
d
e
p
th
 ~
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 n
m
 
S
a
o
s
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c
re
a
s
e
d
 
n
u
m
b
e
r 
a
n
d
 
s
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e
 
o
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c
e
ll
s
 
o
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m
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ro
p
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S
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o
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a
c
ti
v
it
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b
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e
e
n
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e
a
te
d
 
a
n
d
 
u
n
tr
e
a
te
d
 
s
u
rf
a
c
e
s
. 
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c
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d
 l
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s
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s
 
o
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c
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n
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p
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 e
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p
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e
a
tm
e
n
t 
a
n
d
 m
o
ld
in
g
  
P
o
ly
s
ty
re
n
e
 a
n
d
 
p
o
ly
la
c
ti
c
 a
c
id
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h
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 d
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m
e
te
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o
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ti
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 p
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b
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c
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c
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n
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c
e
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c
a
le
 
a
n
d
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c
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u
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h
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s
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c
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e
c
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c
e
ll
s
 
o
n
 r
o
u
g
h
 s
u
rf
a
c
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ra
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 e
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a
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 m
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c
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c
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Katja Myllymaa
Novel Carbon Coatings and 
Surface Texturing for Improving 
Biological Response of Orthopedic 
Implant Materials
The interface phenomena occurring 
between host tissue and the surface 
of biomedical implant play an im-
portant role in implant survival. In 
addition to possessing appropriate 
mechanical properties, an ideal or-
thopedic implant material should in-
duce the desired cellular responses, 
leading to integration of the implant 
into the bone tissue. This disserta-
tion is focusing on the development 
of novel carbon-based coatings and 
their surface modifications, which 
are hypothesized to improve osteob-
lastic cells attachment and spreading 
as well as to inhibit biofilm forma-
tion. The effect of different implant 
surface properties, such as rough-
ness, wettability and zeta potential 
on biocompatibility is also discussed.
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